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The goal of this study is to investigate the effect of a wild blueberry diet on pathology of
the metabolic syndrome (MetS) by examining the morphological and biochemical
properties of the liver and aortic tissue in the obese Zucker rat (OZR), a valid model of
the MetS.
At 8-weeks of age, 16 Obese Zucker ras (OZR) and 16 lean Zucker rats (LZR) littermates
were placed on either an 8% w/w wild blueberry (WB)-enriched isocaloric diet or an
isocaloric control (C) diet for a duration of 8-weeks. At 16-weeks of age, the tissues of
interest were harvested for the study. The morphological features for hepatic steatosis and
glycogen were assessed utilizing a unique series of stains and were analyzed through
image analysis and a histopathological review by a pathologist. The accumulation of
hepatic triglyceride (TG) was also evaluated for the assessed. For the assessment of
morphological features of the thoracic aorta, a series of unique stains were utilized and
further analyzed through the use of image analysis to detect collagen and connective

tissue, the thickness of the tunica media, the number of nuclei, and the presence of
glycosaminoglycans.
A significant increase in hepatic steatosis was found in the OZR compared to the LZR
after image analysis and histopathological evaluation of the Hematoxylin and Eosin
(H&E) stain, the Oil Red O (ORO) stain, and hepatic TG concentration. Although nonsignificant, image analysis of the hepatic triglycerides using the ORO stain found a trend
for a decrease in hepatic TG content in the OZR-WB group compared to the OZR-C.
Image analysis of the Periodic Acid-Schiff (PAS) stain revealed a significant increase in
hepatic glycogen in the OZR compared to the LZR. Although non-significant, the LZRWB and OZR-WB tended to have a greater amount of glycogen than the LZR-C and
OZR-C groups respectively.
Regarding the morphology of the aortic tissues, there were no significant differences
found due to rodent model or due to diet after evaluating for connective tissue, medial
width, number of nuclei, and glycosaminoglycans. The LZR-WB and OZR-WB groups
tended to have less medial width, and a lower percentage of glycosaminoglycans
compared to the LZR-C and the OZR-C respectively. Additionally, although nonsignificant, there was a trend for elevated number of nuclei in the OZR-WB group
compared to all other groups. In conclusion, consuming wild blueberries has the potential
to alter the morphology of hepatic and aortic tissues and confirms that the OZR continues
to act as a reliable model of the MetS.
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CHAPTER 1
INTRODUCTION
The metabolic syndrome (MetS) is a multifactorial condition that is an escalating worldwide health risk due to urbanization, excessive energy intake, obesity and sedentary
lifestyle (Kaur, 2014). The MetS increases the risk for comorbidities, such as myocardial
infarction, type 2 diabetes mellitus (T2DM), & cardiovascular disease (CVD) (Kaur,
2014) resulting in chronic inflammation (Lee et al., 2005), debilitating disease states and
reduced life expectancy (Society, 2015). Components of the MetS result in drastic
healthcare expenses. Obesity costs the United States an estimated $147 to $210 billion
annually (Cawley et al., 2012) plus an additional $245 billion per year due to diabetes
medical costs (American Diabetes, 2013).
Non-alcoholic fatty liver disease (NAFLD) is the most common liver disease in the world
and is associated with the MetS (Milic et al., 2014). NAFLD is represented by simple
steatosis (>5% of hepatocytes infiltrated with lipid) and may progress toward nonalcoholic steatohepatits (NASH), irreversible cirrhosis and eventually hepatocellular
carcinoma (Milic et al., 2014). Eighty percent of patients with NAFLD are obese, have
greater proportions of visceral adipose tissue, are often insulin resistant, present
symptoms of low-grade inflammation, such as elevated levels nuclear factor Kappa B
(NFκB) and Tumor Necrosis Factor alpha (TNF-α) with adipose tissue accumulation
(Milic et al., 2014). NAFLD has the potential to present itself as both a manifestation of
inflammation and structural change in individuals with the MetS.
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It is known that the MetS may lead to vascular dysfunction which increases the chance to
acquire more detrimental disease states such as atherogenic cardiovascular disease (Scott
M. Grundy, 2011). High blood pressure, vascular inflammation, elevated triglycerides
(TG) and small dense low-density lipoprotein cholesterol (sdLDL-C) with low levels of
high density lipoprotein cholesterol (HDL-C) are symptoms of the MetS and play a part
in vascular dysfunction (Scott M. Grundy, 2011). It is now thought that obesity produces
an increased state of inflammation and oxidative stress which yields a cascade of proinflammatory cytokines that enhance endothelial dysfunction (Scott M. Grundy, 2011).
Wild blueberries (WB), vaccinium angustifolium, are a concentrated source of dietary
antioxidants, mainly in the form of anthocyanins, and are widely available in the United
States. Low bush wild blueberries are unique due to their high polyphenolic content
relative to their small size. Studies in our lab have shown that when the Obese Zucker rat
(OZR), a model of the metabolic syndrome, consumed a diet rich in wild blueberries, the
animals displayed a decrease in markers of inflammation as well as gene expression after
mRNA extraction of iNOS, eNOS, and COX2 (Vendrame et al., 2013; Vendrame et al.,
2015), had a trend toward normalized serum glucose levels (Vendrame et al., 2015),
improved lipid metabolism and lipid gene expression (Vendrame,Daugherty, et al.,
2014), as well as improved vascular function and vasoreactivity (Vendrame,Kristo, et al.,
2014).
The OZR is an appropriate model for the metabolic syndrome due to sharing similar
physiological characteristics expressed in humans with the MetS (Ahima, 2011;
Aleixandre de Artinano et al., 2009; Frisbee et al., 2006; Scott M. Grundy, 2011). The
OZR quickly progresses into an obese state (Aleixandre de Artinano et al., 2009),
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develops mild steatosis (Serkova et al., 2006), hyperlipidemia (Tofovic et al., 2003),
increased systolic pressure, insulin resistance, mild hyperglycemia and hyperinsulinemia
(Aleixandre de Artinano et al., 2009; Kucera et al., 2014; Triscari et al., 1979).
To our current knowledge there are no other studies, other than the experiments
conducted in our laboratory, that have investigated how a diet rich in wild blueberries
affects the morphologic properties in the liver and aorta of the obese Zucker rat. This
study further explores the effects of wild blueberries on the structural and biochemical
properties of aortic and hepatic tissues in the obese Zucker rat, a model of the metabolic
syndrome, as well as its lean littermate, the lean Zucker rat (LZR).
The goal of this project is to identify the effect of a wild blueberry-enriched diet on
morphology in hepatic and aortic tissues of the OZR. Therefore, the objectives of this
project will be to investigate the role of wild blueberries in the adult male OZR and LZR
evaluating the following components:
1. Morphology of the Hepatic tissue by utilizing the H&E stain to evaluate tissue
structure, PAS stain to assess for glycogen content, and the ORO stain to evaluate
the presence of triglycerides and;
2. Hepatic triglyceride concentration
3. Morphology of the aorta by utilizing the H&E stain to evaluate the tissue
structure, Sirius Red to assess for collagen and fibrotic tissue, and Alcian Blue
stain to evaluate for glycosaminoglycans.
The results from this study will aid in further characterizing the OZR while
simultaneously providing results to extrapolate for public health awareness and an
alternative for pharmacotherapy. This project will aid in advancing the field of
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complementary alternative medicine (CAM) treatment for chronically ill patients as well
as improve preventative disease treatment for an increasing population of Americans with
the MetS. Additional benefits of consuming wild blueberries consist of the potential to
stimulate Maine’s economy and increasing job positions by expanding the export of wild
blueberries to other U.S. States or internationally. Due to its unique characteristics as
both a rich source of antioxidants and its powerful anti-inflammatory properties, low
bush wild blueberries can be incorporated into the diet and act as an alternative method of
treatment for the MetS.
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CHAPTER 2
LITERATURE REVIEW
2.1. Metabolic syndrome overview
Although similar ideas had been postulated before, syndrome X was first coined in 1988
when Dr. Gerald Reaven presented the Banting Lecture after being honored for his work
by the American Heart Association (Reaven, 1988). To this day Syndrome X is now
referred to as the MetS due to its complexity and additional components that are known
to cause adverse health outcomes. The MetS is mainly a quintet of coexisting factors
consisting of abdominal obesity, dyslipidemia, hypertension, and impaired fasting
glucose with hyperglycemia (Ahima, 2011; Scott M. Grundy, 2011; Ma et al., 2013). The
National Institutes of Health, National Heart, Lung and Blood Institute, and the National
Cholesterol Education Program (National Cholesterol Education Program Expert Panel
on Detection et al., 2002) have defined the MetS through the creation of the Adult
Treatment Panel III (ATP III) defined by the following criteria:
1.

Abdominal obesity (especially visceral fat) with a waist line ≥ 35 inches for
women and ≥ 40 inches for men;

2. Dyslipidemia with triglycerides ≥ 150 mg/dL as well as HDL ≤ 50 mg/dL for
women and ≤ 40 mg/dl for men;
3. Hypertension with a blood pressure ≥130/85 mmHg;
4. Hyperglycemia with a high fasting blood glucose ≥ 110 mg/dL
The coexistence of all four factors contribute toward a pro-inflammatory, pro-thrombotic
state that accelerate the development of comorbidities such as atherosclerotic
cardiovascular disease (ACVD), T2DM, NAFLD, sleep apnea, polycystic ovary
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syndrome, and various cancers (Beck-Nielsen, 2013; Scott M. Grundy, 2011). The
presence of anyone or more of these conditions has the potential to exhibit adverse social,
physiological, and psychological implications that cause distress for the patient and also
decrease the overall standard of living.
2.2. Prevalence of the metabolic syndrome
The prevalence of obesity and the MetS in the United States has been increasing over the
past decade in adult, childhood, and adolescent populations. An article by the National
Health and Nutrition Examination Survey (NHANES) program revealed that in 20032004, the prevalence of the MetS was at an average of 32.9% of the population (Aguilar
et al., 2015). Data collected in 2011-2012 indicated the MetS had increased in prevalence
to 34.7% of the population (Aguilar et al., 2015). An NHANES study (Cook et al., 2008)
evaluated 1999-2002 data using cross-sectional methods from four different definitions of
the MetS. The study found that the prevalence of MetS in adolescents from ages 12-19
years old varied from 2.0% to 9.4% and was increased in obese teens ranging from 12.4%
to 44.2% of the population (Cook et al., 2008). These statistical results represent a severe
health threat of acquiring the MetS in all age groups, especially for the youth.
2.3. Genetics and the metabolic syndrome
Genetics may play an important role in determining the expression of the MetS.
Furthermore, the MetS may place individuals at greater risk for acquiring T2DM or even
insulin-dependent T2DM if healthy lifestyle adjustments are not adopted.
The thrifty genotype hypothesis (Neel, 1962), originally suggested in 1962 by James V.
Neel, proposed that our ancestors who lived in a harsher environments were able to
survive times of fasting and famine through natural selection of favoring genetic traits
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that improve energy storage capabilities. A body capable of eating large quantities of
food at one sitting as well as having an efficient capacity to store energy as fat would
most likely survive through a period of poor food availability. The thrifty genotype
hypothesis proposes that diabetes may be a genetic result from the natural compensation
of the pancreas in times of ‘feast-or-famine’ state; when the only mode of survival is to
consume large amounts of food in one sitting, your pancreas must be able to produce
large amounts of insulin at a single time. Given the overabundance of food in the current
society, an association can be made between the over-stimulation of the pancreas to
secrete insulin in response of consistent exposure to large quantities of (refined) foods
and sedentary behavior. As we observe in patients with T2DM, pancreatic beta-cells
become exhausted due to over-stimulation, therefore losing the ability to secrete an
adequate amount of insulin.
The Thrifty Phenotype hypothesis (Hales et al., 1992) suggests that environmental factors
contribute to the formation of T2DM. Neonates exposed to malnutrition during
pregnancy in conjunction with a low birth weight and poor nutrition in early life increases
the chance of acquiring diabetes and the MetS in later years of growth (Hales et al., 1992,
2013). When a child with a low birth weight due to malnourishment is introduced to an
environment rich in energy dense food (or high food availability), the researchers appear
to suggest that environmental and genetic factors can cause T2DM advancement partly
due to poorly developed pancreatic islets and poor ability to adapt to this new
environment; the developing fetus was likely prepared to be exposed to a world devoid of
food availability. Researchers of the Hertfordshire study (Barker et al., 1993) found that
men who developed Syndrome X (MetS) later on in life had lower birth weights at one
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year, greater 2-hour plasma glucose insulin concentrations, lower levels of HDL-C,
elevated fasting pro-insulin, as well as elevated concentrations of apolipoprotein B and
plasminogen activator inhibitor (Barker et al., 1993). Another study (Forsen et al., 2000)
also found that the incidence of T2DM was positively associated with low birth weight
and placental weight for both sexes, as well as mothers with a greater BMI.
Investigations into genetic adaptation appear to play a role in the development of the
metabolic syndrome as well as progression toward T2DM. These studies show that the
environment and heritability have a great influence on how the body reacts toward stress
and food exposure. Although the studies presented suggest specific genetic adaptations to
the environment, more research must be performed to conclude these postulations.
2.4. Economic burden
As a greater proportion of the American population acquires the MetS, healthcare costs
simultaneously increase due to direct and indirect expenses. A patient who is admitted
into the hospital may be treated for MetS under the ICD-10 medical coding system which
identifies the MetS as E88.1, and with obesity, as E66 (Prevention, 2015), although outpatient nutritional counseling is not necessarily covered by insurance groups, such as
Medicare. Also, Grundy (Scott M. Grundy, 2011) estimates that by 2025, the global
prevalence of the MetS and diabetes will reach approximately 400 million. A healthcare
system that can encourage treatment for MetS patients is desired although this may also
result by increasing direct and indirect medical expenses. Since our current healthcare
system is partially funded through federal and state tax dollars, such as Medicaid, but
does not necessarily provide compensation for nutritional counseling (preventative or
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lifestyle changes), an increase in people with the MetS and related comorbidities will
stress the patients, tax payers, and healthcare providers.
Diabetes alone costs the United States approximately $245 billion; $176 billion from
direct costs (in the healthcare system) and $69 billion from indirect costs (e.g. work loss
and disability) (ADA, 2014). Obesity is estimated to cost $147 billion per year in 2006
(Cawley et al., 2012) plus an expected increase in annual healthcare expenses of $48 to
$66 billion, or approximately16% to 18%, by 2030 (Y. C. Wang et al., 2011). The data
presented displays the complexity of both estimating direct and indirect healthcare
expenses as well as foreshadowing of an increase in disease prevalence, economic
burden, as well as the encumbrance for future generations.
2.5. Risk factors of the metabolic syndrome
The metabolic syndrome is associated with dyslipidemia, abdominal obesity,
inflammation, insulin resistance, and greater risk of developing cardiovascular disease
(Despres et al., 2006). Environmental factors, such as physical inactivity, smoking,
nutrition (energy dense foods), and high stress combined with the genetic traits have great
potential to induce the MetS. This next section will discuss the MetS based upon the
components of the MetS and how their development progresses to display adverse health
effects. In Figure 1 (below), the origination of the MetS cascade begins with a genetic
predisposition, excessive intake of energy dense foods devoid of beneficial nutrients, and
sedentary lifestyle. This lifestyle results in accumulating multiple detrimental healthrelated issues. Obesity may result in a greater visceral fat percentage inducing NAFLD.
This if often accompanied by a rise in TG’s, LDL-C, VLDL-C and a decrease in HDL-C
termed dyslipidemia. Hypertension may eventually result in nephropathy and heart
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failure. Obesity may lead toward insulin resistance resulting in endothelium dysfunction,
hyperinsulinemia, and hyperglycemia. Chronic inflammation is often seen through an
increase in pro-inflammatory cytokines, such as NF-κB, TNF-α, and IL-6 as well as a
decrease in anti-inflammatory cytokines, such as adiponectin. Together these components
form the metabolic syndrome and increase the risk of type 2 diabetes, cardiovascular
disease, and atherosclerosis.
Figure 1: The metabolic syndrome progression, symptoms and outcomes

Figure 1 displays how lifestyle habits, such as overeating and physical inactivity are depicted
as main components toward the progression toward metabolic syndrome. Obesity,
dyslipidemia, hypertension, insulin resistance, and inflammation participate in the syndrome
and enhance the risk of acquire comorbidities, such as T2DM and CVD.
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2.6. Obesity
The development of obesity, specifically abdominal or visceral obesity, is a risk factor for
the MetS, T2DM, as well as NAFLD (Sun et al., 2012). Intra-abdominal fat area (visceral
fat) is considered the most efficacious method of assessing abdominal obesity as a
component of the MetS (Shuto et al., 2015). Accumulation of adipose tissue in the
visceral and hepatic tissues has been shown to be associated with hyperinsulinemia,
decreased β-cell function, activation of the macrophages, increased levels inflammatory
factors, such as NF-κB, TNF-α (Le et al., 2011), C-reactive protein (CRP_, and IL-6
pathways in conjunction with a decrease in anti-inflammatory adiponectin leading toward
a low-grade chronic inflammatory process in obese individuals (Karelis et al., 2004). The
MetS is usually assessed by measuring abdominal circumference. Researchers found that
a greater waist circumference was strongly associated with total abdominal fat and that
abdominal subcutaneous fat and was mildly associated with visceral fat for both men and
women (Grundy et al., 2013). Furthermore, it is known that as visceral fat increases, total
abdominal fat increases as well, both which were also associated with an increase in
serum triglycerides in both men and women (Grundy et al., 2013). Finally, there is a
positive association between the homeostatic model assessment and insulin resistance
(HOMA-IR) score and visceral fat (Grundy et al., 2013) suggesting a greater risk for
insulin resistance and diabetes development due to visceral fat accumulation.
The MERLOT study (Nakao et al., 2012) sampled from a cohort of 25,255 Japanese
subjects revealed that the intra-abdominal fat area (visceral fat), not just waist
circumference, is an independent predictor for the onset of the MetS, even in individuals
who were non-obese at the time. This study emphasizes that an individual may have a
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normal weight or BMI but metabolically display adverse biological features that
predispose the individual to the MetS. Ectopic fat accumulation in the liver and visceral
areas appears to exacerbate the MetS development. The adipocyte is not only a storage
site for energy in the form of triglycerides, but also a highly active endocrine organ which
helps to moderate satiety through leptin signaling, generating lipoprotein lipases, as well
as moderating cytokines, such as adiponectin, visfatin, and CRP, all which are used to
communicate to the brain, liver, muscle, vascular system and pancreas (Scherer, 2006).
Although humans with homozygous leptin mutations are rare, obese humans with
features of MetS are known to have elevated levels of circulating leptin in which these
elevated levels cause a dysfunction in leptin signaling and increased leptin resistance
(Kelesidis et al., 2010). A review (Scherer, 2006) summarizes the effects of (antiinflammatory) adiponectin indicating that levels are increased with less fat and improved
insulin sensitivity and is often decreased with greater levels of fat, being insulin resistant,
having inflammation, CVD, T2DM, as well as lipodystrophy (Scherer, 2006). Obesity is
a main component of the MetS and produces detrimental effects through increases in
visceral adiposity and an imbalance between pro- and anti-inflammatory cytokines
2.7. Inflammation
Low grade, chronic inflammation, such as the production of TNF-α and NF-κB as well as
increases in CRP, IL-1, IL-6, IL-10, PAI-1, and leptin (Christiana et al., 2016; Kaur,
2014), have shown to be associated symptoms of the MetS. NF-κB is known to be
induced in non-alcoholic fatty liver disease (NAFLD), such as in hepatic steatosis (Milic
et al., 2014), as well as in the aortic tissue of obese rats with metabolic syndrome (Janega
et al., 2014). Our studies, as well as others, have documented that wild blueberry
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consumption decreased inflammation (D. Esposito et al., 2014; Riso et al., 2013;
Vendrame,Daugherty, et al., 2014), such as the decrease in TNF-α and NF-κB expression
(Vendrame et al., 2013). Researchers (Welty et al., 2016) found results that suggest an
increase in both TNF-α and NF-κB may contribute to NAFLD and aortic dysfunction, in
part due to increased free fatty acid (FFA) excretion and increased TG content deposited
ectopically in the liver and as visceral fat resulting in altered blood lipid profile and
upregulated inflammatory cytokines. TNF-α has the potential to exacerbate chronic
inflammation, influence the development of insulin resistance, contributing to the
metabolic syndrome (Gustafson, 2010). Obese Zucker rats have been shown to display
chronic stress and inflammation which lead to the development of mild fibrotic tissue
(expansion of the extracellular matrix and collagen content) and cytokines (TGF-β1) in
the liver (Cipriani et al., 2010; Deushi et al., 2007; Toblli et al., 2008), fibrotic tissue in
the aorta (expansion of the extracellular matrix, increased collagen content, and increased
mechanical stiffness) and cytokines (increased fibronectin, collagen type IV-α3, and
TGF-β1(Kovanecz et al., 2009; Sista et al., 2005) of rodents exhibiting the presence of
the MetS.
The studies in our lab have produced results that indicate NF-κB was down-regulated in
both liver and adipose tissue after obese Zucker rats consumed a diet with a blueberry
diet for eight weeks (Vendrame et al., 2013) displaying the anti-inflammatory properties.
On the contrary, activation of NF-κB in endothelial cells has been shown to result in an
upregulation of VCAM-1 and monocyte cell adhesion suggesting an increased risk for
inflammation and atherosclerosis development (Kawakami et al., 2006) displaying
morphological alterations to the aortic matrix. NF-κB has been identified as a chronic
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inflammatory transcription factor (Horrillo et al., 2010) which has been demonstrated to
heighten leukocyte recruitment, stimulate MCP-1 differentiation from monocytes to
macrophages, down-regulate PPAR activity, and impair insulin receptor substrate (IRS)-1
signaling (Terra et al., 2011; Verhagen et al., 2011), leading to chronic hyperglycemia
and endothelial dysfunction.
2.8. Dyslipidemia
As mentioned earlier, the ATP III Guidelines (National Cholesterol Education Program
Expert Panel on Detection et al., 2002) defines dyslipidemia in the MetS as elevated
serum TG with low levels of HDL-C, although additional categories, such as the presence
of sdLDL-C, elevated apolipoprotein B with a decrease adiponectin, have been described
(Scott M Grundy, 2011).
Elevated triglycerides are another risk factor for the MetS and are commonly associated
with fatty liver, obesity, and dyslipidemia. Elevated triglycerides and larger waist
circumference are often referred to as the hypertriglyceridemic-waist phenotype.
Scientists examining a cohort of Puerto Rican subjects (Diaz-Santana et al., 2016)
reported that the hypertriglyceridemic-waist phenotype placed a three-fold odds of males
and an eight-fold odds of women to acquire pre-diabetes. Results from a European cohort
(Arsenault et al., 2010) showed that, when compared to subjects with normal serum TG
and waist circumferences, the hypertriglyceridemic-waist phenotype group had greater
levels of apolipoprotein B, smaller LDL-C, higher blood pressure, greater levels of CPR,
and lower levels of HDL-C and apolipoprotein A-I. An article (Grundy et al., 2013)
based upon the Dallas Heart Study (Victor et al., 2004) found results that portrayed a
higher visceral fat to abdominal subcutaneous fat ratio was associated with higher plasma
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TG compared to subjects with lower ratios. The data suggests various forms of
dyslipidemia increases the risk for acquiring the MetS.
2.9. Vascular dysfunction
Atherosclerotic disease progresses silently and may be caused by high levels of oxidation
and inflammation. The OZR has been studied to develop fibrocellular intimal lesions in
the aorta (Haudenschild et al., 1981) which corresponds to the development of
atherogenic lesions formed in the arterial wall of humans (Wick et al., 2012). Endothelial
vascular dysfunction related to metabolic stress in obese rats (El-Bassossy et al., 2014;
Justo et al., 2013; Vendrame,Daugherty, et al., 2014) as well as oxidative stress are
known symptoms to occur in obesity and have been suggested to predispose people to
vascular dysfunction and the MetS (Giugliano et al., 2006). Zucker Diabetic Fatty rats
display greater basal oxidative stress, hyperglycemia, poor vasodilation response to blood
flow, and elevated mean blood pressure compared to lean rodents (Belin de Chantemele
et al., 2009). Furthermore, the same study showed that lean Zucker rats with ‘high-flow’
arteries and obese diabetic Zuckers with ‘normal-flow’ arteries displayed significant
increases in medial cross-section areas. Fibrocellular formation by the accumulation of
collagen, fibronectin, and other cellular remodeling components are thought to be caused
by chronic low grade chronic inflammation (Intengan et al., 2001) due to activation of
NF-κB from primary inflammatory factors, such as TNF-α, internal environmental
factors, such as hyperglycemia, oxidant stress, hypoxia, as well as shear stress from a
hypertensive state (De Martin et al., 2000). NF-κB is highly active in arterial smooth
muscle cells and may contribute to endothelial dysfunction resulting from dyslipidemia,
advanced glycation end products (AGEs), hyperglycemia, free radicals, adhesion
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molecules, as well as the conversion of LDL to oxidized LDL by monocytes (De Martin
et al., 2000). Medial hypertrophic remodeling, due to chronic hypertension and
inflammation, is also thought to be associated with collagenous formation in the
vasculature (Intengan et al., 2001) displaying structural change of cellular matrix of the
vascular wall in the MetS (Hayden et al., 2005).
2.10. Insulin resistance
Another component of the Mets syndrome is insulin resistance which is shown to be
dysregulated in MetS patients in the form of hyperglycemia. Insulin resistance can be
defined as having an impaired fasting glucose (IFG) of 100-125 mg/dL or impaired
glucose tolerance (IGT) defined by 140-199 mg/dL after a 75-g two-hour oral glucose
tolerance test (American Diabetes, 2015; Genuth et al., 2003).
Insulin itself is an anabolic hormone produced by β-cells of the pancreas (Islets of
Langerhans) which facilitate the absorption of blood glucose into the body’s cells using
twelve monosaccharide GLUT transporters; GLUT 4 is the main glucose transported
responsible for depositing glucose into adipose tissue, skeletal muscle, liver, and cardiac
muscle, while GLUT-2 mainly functions to deposit hepatic glucose (Dods et al., 2013).
Insulin also initiates glycogenesis and synthesis of protein and triglycerides while
inhibiting lipolysis as well as glycogenolysis and gluconeogenesis in the liver (Dods et
al., 2013; Sesti, 2006). When insulin homeostasis has been disrupted, insulin resistance
develops, which is defined as poor glucose deposition into tissue cells due to a state of
insufficient responsiveness of tissues to normal concentrations of insulin; if not
addressed, this state may develop into type 2 diabetes mellitus (Sesti, 2006). One
hypothesis speculated that the cascade of steps toward insulin resistance is the result of
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increased levels of TG storage seen in obesity due to greater amounts of free fatty acid
release into the blood stream, such as seen in a fatty liver (NAFLD). This in turn may
results in an abundance of FFAs to be deposited into tissues and organs ectopically
causing oversaturation as well as lipotoxicity due to the oxidation of excess FFA when
left non-metabolized (Randle et al., 1963; Unger et al., 2000); this environment may also
result in insulin resistance (Sesti, 2006). Recent AACE/ACE Guidelines (Handelsman et
al., 2015) for diabetes further supports the idea that insulin resistance can exist as an
independent factor of obesity although excess weight gain, specifically from visceral or
ectopic accumulations, may exacerbate insulin resistance and other comorbidities, such as
NAFLD, hypertension, T2DM, and CVD.
Insulin resistance is associated with altered biomarkers which are still being identified
today. Scientists studying a cohort of 1628 northwestern Chinese subjects (768 men and
869 women) found a significant association between insulin resistance, decreased
adiponectin levels, elevated IL-6 and CRP, and increased HOMA-IR score with the
development of the MetS (Ding et al., 2015). In a normal physiological setting,
adiponectin is associated with balanced insulin production and normal glycogen release
from the liver; higher levels of adiponectin are known to be associated with improved
insulin action and sensitivity (Scherer, 2006). This trend continues to support the idea
that elevated glycemia in the MetS, regardless of central obesity, is a significant risk
factor and gateway toward the development of T2DM (Sakashita et al., 2015). Oxidative
stress induced by hyperglycemia appears to play a role in the development of T2DM
(King et al., 2004). Activation of NF-κB induced by a TNF-α and a hyperglycemic
environment is observed in cell cultures (Yerneni et al., 1999) and has been suggested to

17

play role in the pathogenesis of T2DM due to the development of advanced glycation end
products (AGEs) (Patel et al., 2009). Serum TNF-α, as well as IL-6 and IL-18, have also
been shown to be elevated in hyperglycemic subjects versus control subjects (K. Esposito
et al., 2002). In T2DM subjects all inflammatory scores (including TNF-α, MCP-1, and
IL-6) were significantly higher when compared to normal glucose tolerant subjects; these
scores were also positively correlated with elevated fasting glucose and hemoglobin A1c
(HbA1c) levels (Daniele et al., 2014). Furthermore, those with T2DM and obesity will
often display symptoms of impaired endothelium-dependent vasodilation which may
reduce the blood flow to organs in extremities (Steinberg et al., 1996) suggesting vascular
dysfunction.
The obese diabetic Zucker rat displayed a decrease in insulin resistance as well as an
increase in glucose transporter-2 (GLUT-2) expression after the rodents consumed a diet
enhanced with cocoa extract, which is known to contain phenolic compounds (CorderoHerrera et al., 2015). GLUT-2 receptors are known to regulate intra and extracellular
glucose equilibrium in the liver which play an important role in insulin sensitivity
(Klover et al., 2004).
2.11. The obese Zucker Rat, a model of the metabolic syndrome
The Obese Zucker rat is an acceptable model for of the metabolic syndrome which will
be described in detail in the following section. The Obese Zucker rat developed a
recessive mutation in the 13M strain deemed the fa gene. Rodents carrying two genes
(fa/fa) will display an enlargement in body fat at five weeks of age and rodents carrying
the Fa/fa or Fa/Fa alleles will display normal characteristics of a lean rodent (T. F.
Zucker et al., 1962). An average weight of a OZR can vary from 800g (male) and 620g
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(female) and the lean litter mates as 480g (male) and 295g (female) (T. F. Zucker et al.,
1962). A mutation in tissue leptin receptors (Aleixandre de Artinano et al., 2009), also
known as leptin receptor deficiency, plus an up-regulation in ghrelin synthesis (Beck et
al., 2004) cause a hyperphagic response, reduced ability to reach satiety, and excessive
weight gain. Obese Zucker rats that develop steatosis also display mitochondrial
dysfunction with low glutathione levels decreasing its ability to defend against oxidative
agents (Serkova et al., 2006). The Progression of obesity in the OZR exhibits symptoms
of increased systolic pressure compared to the lean Zucker rat (Kava R, 1990), insulin
resistance, mild hyperglycemia and hyperinsulinemia (Aleixandre de Artinano et al.,
2009; Kucera et al., 2014). Obese Zucker rats also display an increased absorption and
transportation of lipids in the intestine compared to the LZR (Anzai et al., 2009). The
OZR has been studied to display an overproduction of VLDL enriched with TGs up to
seven times higher compared to the LZR due to hypersecretion and defective catabolism
of chylomicrons (Schonfeld et al., 1974). The OZR has also shown to have decreased
clearance rates of serum triglyceride and greater defective clearance rates of cholesteryl
esters compared to the LZR in the chylomicron injected group (Redgrave, 1977).
Furthermore, obese Zucker rats have greater liver triglyceride concentration than their
lean littermates in both male and female models (Azain et al., 1985; C. A. Daubioul et al.,
2000; Kasim et al., 1992; Mezei et al., 2003; Peluso et al., 2000; Raju et al., 2006; Ran et
al., 2004; Redgrave, 1977).
The OZR displays symptoms of pre-diabetes (insulin resistance) in a progressing manner.
At two weeks of age serum immunoreactive insulin is normal as the rat is at the
beginning stages of acquiring excess fat depots. The IRI rises to a peak of 400 µU/ml at
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15 weeks (hyperinsulinemia) and subsequently declines to 200 µU/ml in older 35-week
rats (L. M. Zucker et al., 1972) displaying a decrease in insulin production. The ORZ
displays a loss of glucose tolerance at 10 weeks of age, a compensatory significant
increase of β-cell density until 19 weeks, and finally a significant decrease in β-cell
density toward 30 weeks, although they do not develop T2DM (Augstein et al., 2009).
Another study produced results that indicated a slower glucose clearance rate at 20 weeks
when comparing the OZR to the LZR as well as a significantly poorer insulin response in
the OZR (L. M. Zucker et al., 1972).
Hepatocytes isolated from the OZR display greater glycolysis activity than those from the
LZR as evidenced by the OZR hepatocytes accumulating greater levels of pyruvate and
lactate (higher ratio) in conjunction with a greater degree of net glucose utilization
(glycogen used versus glycogen produced) (McCune et al., 1981). From week 6 to week
30, the OZR displays an increase in body weight, blood glucose, plasma insulin, oral
glucose tolerance test, triglycerides, free fatty acids and cholesterol (Augstein et al.,
2009). Liver steatosis is a common characteristic of the OZR (Kucera et al., 2014;
Serkova et al., 2006) due to lipid-engrossed livers along with elevated fatty acid and
triglyceride synthesis (Fukuda et al., 1982) leading to hypertrophic characteristics of
adipose tissue (Kava R, 1990). The rodents also display hyperlipidemia as well as
hypertriglyceridemia containing 10 times as much total fatty acids and four times as
much cholesterol and lipid phosphorus with a “distinct milky appearance” of the blood
serum as well an enlarged fatty livers compared to the lean litter mates (T. F. Zucker et
al., 1962). It has been documented that the hepatocytes from the OZR synthesizes fatty
acids 2.5-fold greater than the lean counterpart (McCune et al., 1981).
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Impaired endothelium function with elevated blood pressure are apparent it the Diabetic
Zucker rat and Obese Zucker rat strains (Belin de Chantemele et al., 2009; Bouvet et al.,
2007) with decreased luminal enlargement in response to blood flow in the OZR.
Constriction response can partially be restored after OZRs consume a wild blueberry
enriched diet (Vendrame,Kristo, et al., 2014). Lean Zucker rats also display medial
enlargement but not in the OZR possibly due to preexisting acquired hypertrophy in the
OZR (Belin de Chantemele et al., 2009; Bouvet et al., 2007).
The OZR begins to exhibit hyperphagia in 17 days of life (Truett et al., 1991) which later
leads to hepatic lipid content of approximately 40% at 14 weeks of age (Kava R, 1990)
with a serum triglyceride level 4.8 times higher than the lean litter mates (Fukuda et al.,
1982). Scientists discovered that the OZR on normal protein diet of casein (15% of
energy) had a 2.5 times greater level of hepatic lipids and liver-body weight ratios with
steatosis compared to the lean littermate on a normal protein diet (Wojcik et al., 2016).
Liver steatosis in the OZR has been cited to first appear approximately eight weeks of
age (Serkova et al., 2006). Advanced forms of NAFLD may lead to inflammatory nonalcoholic steatohepatisis (NASH), fibrosis, and cirrhosis (Rector et al., 2008).
2.12. Wild blueberries
A healthy balanced diet, such as the Mediterranean diet, is historically known to reduce
levels of disease, such as CVD (Menotti et al., 1999; Wirfalt et al., 2001) and has also
shown to produce significant improvements of MetS components including waist
circumference, HDL-C, TGs, systolic and diastolic pressure, decrease in fasting glucose
levels in adult populations (Kastorini et al., 2011). Similar improvements have been
observed in children and adolescents with MetS including TGs, glucose, total cholesterol,
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HDL-C, and LDL-C (Velazquez-Lopez et al., 2014). The diet consists of greater levels of
fruits, vegetables, whole grains, legumes, low fat dairy, low fat meats and legumes as
well as high in fiber and low in refined foods. Consuming whole wild blueberries is one
way to incorporate antioxidants into the diet, such as anthocyanins, a subcategory of
flavonoids (Zheng et al., 2003). Access to this fruit is widely available as Maine is the
largest producer of low bush wild blueberries in North America (Yarborough, 2015).
With the availability of blueberries in fresh, frozen, or dried form, this fruit is now more
easily integrated into the western diet. Wild blueberries contain a class of phenolic
compounds, known as anthocyanins, which have been studied to provide beneficial
antioxidant activity in the body. Consumption of blueberries may improve the response
to oxidative stress and attenuate symptoms of the MetS (Basu et al., 2012). Anthocyanins
have been shown to decrease the risk of CVD, contain anti-inflammatory and anticarcinogenic activity, as well as improve symptoms of obesity and insulin resistance (He
et al., 2010; Stull et al., 2010).
2.13. Wild blueberries and glucose metabolism
The consumption of wild blueberries may also provide an alternative for moderating
glucose metabolism in humans as well as rodents. Studies in our lab demonstrated that
OZR consuming a WB diet displayed a decrease in resistin, which is known to increase
glucose production in the liver, plus an increase in the RBP4 mRNA (Vendrame et al.,
2015), which is known to be elevated in insulin resistant individuals (Cho et al., 2006), as
well as an increase in PPAR-γ (Vendrame,Daugherty, et al., 2014), a nuclear receptor
which moderates glucose metabolism by promoting GLUT-4 expression in insulin
sensitive tissues (Armoni et al., 2007).
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Wild blueberry extract has also been noted to exhibit anti-hyperglycemic effects in other
animal models as well. Scientists from one study (Grace et al., 2009) demonstrated that
mice who consumed anthocyanin enriched fraction with water (prepared from whole wild
blueberries) displayed a greater hypoglycemic effect (a significant 51% decrease in blood
glucose) when compared to the phenolic fraction with water (33% decrease in blood
glucose) and metformin (32% decrease in blood glucose).
In humans, scientists who performed a randomized, cross-over controlled trial of adult
males and females found that after a mixed berry purée, serum glucose concentrations at
15 and 30 minutes post-consumption were significantly lower than the control meal
(Torronen et al., 2010).
Glucose transporter-2 expression was improved in the ileum, duodenum, and jejunum of
Sprague-Dawley rats after consuming a high fat diet with chlorogenic acid, a phenolic
compound found in blueberries, suggesting the improvement of glucose homeostasis in
the intestines (China, 2015).
Literature appears to support that the consumption of whole blueberry and blueberry
extracts improves glucose metabolism in both humans and rodents.
2.14. Wild blueberries and non-alcoholic fatty liver disease
Non-alcoholic fatty liver disease (NAFLD), including simple steatosis, is “considered the
hepatic manifestation of the Metabolic Syndrome” (Marra et al., 2008). Scientists found
that after the OZR consumed a wild blueberry diet, a decrease in fatty acid synthesis in
the liver and abdominal adipose tissue was found (Vendrame,Daugherty, et al., 2014)
indicating the potential for a lesser degree of steatosis. Steatosis develops when the rate
of fatty acid intake and synthesis exceeds the rate of output and oxidation for energy
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(Fabbrini et al., 2010). A fatty liver, most often caused by an increased deposition of TG
in the hepatocytes, is considered to be the most common morphological alteration leading
to an increased risk of damage from endotoxins, free radicals and hypoxia (Kuntz et al.,
2008). After OZRs consumed a diet rich in high-bush blueberries, a reduction in
abdominal fat was observed whereas blueberry intake in lean Zucker rats (LZRs)
displayed an increase in total body weight (Seymour et al., 2011). Furthermore, the same
study showed that OZRs displayed a decrease in plasma triglycerides, improved insulin
sensitivity, improvements in GLUT-4 and insulin receptor substrate-1 expression, both
which are associated with glucose metabolism displaying improved liver function and
insulin sensitivity due to blueberry consumption. A study in our lab (Vendrame et al.,
2013) documented that a wild blueberry diet decreases plasma levels of pro-inflammatory
NF-κB, TNF-α, IL-6, and CRP, while increaseing anti-inflammatory adiponectin in liver
and abdominal adipose tissue of the OZR.
Blueberry juice has been shown to reduce hepatic fibrosis as evidenced morphologically
by thinner fibrous septa, a decrease in the fatty degeneration in the hepatic tissue, a
decrease in fibrous bridging, as well as biologically with lower serum AST and
malondialdehyde levels, a marker of oxidation, and increased levels of metallothionein
(MT), a scavenger for ROS, in Sprague Dawley rats (Y. Wang et al., 2013). An in vitro
study (Liu et al., 2011) suggested that the polyphenolic compounds found in blueberries
attenuated the progression of TG synthesis toward a fatty liver in HepG2 cell yielding a
maximum TG synthesis suppression value of 59.2%.
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2.15. Wild blueberries and inflammation
Wild blueberries have been studied to demonstrate beneficial antioxidant characteristics
that may improve inflammation. Scientists studying the antioxidant capacity of berries
found that wild blueberries produced one of the highest cellular antioxidant activity
(CAA), oxygen radical absorbance capacity (ORAC), and total phenolic content (Wolfe
et al., 2008). Sprague-Dawley rats consuming blueberry juice for 8-weeks displayed a
significant increase in superoxide dismutase and glutathione in liver indicating an
increase in antioxidant activity (Ren et al., 2014). Elevated reactive oxygen (ROS)
species may result in increased oxidative damage to fatty acids, DNA, mitochondria,
proteins (e.g. LDL-C, HDL-C), production of advanced glycation end products (AGEs),
as well as stimulation of chronic inflammatory cascades that may induce NF-κB as well
as TNF-α among many (Allen et al., 2000; Bansal et al.). HUVAC endothelial cells
subjected to ROS and then treated with anthocyanins from blueberries, malvidin,
malvidin-3-glucoside, and malvidin-3-galactoside showed a decrease in ROS and
xanthine oxidase-1 indicating a protective effect against oxidation (W. Huang et al.,
2016). An in vitro study (D. Esposito et al., 2014) subjected macrophage cells induced
with lipopolysaccharide to polyphenols, anthocyanins, and pro-anthocyanidins fractions
(derived from wild Maine blueberries) which resulted in an overall reduction of
inflammation. Another study found polyphenols extracted from blueberries displayed a
decrease in expression of IL-1β, IL-6 and IL-12 (Cheng et al., 2014) as well as IL-6,
TNF-α, foam cell formation (Xie et al., 2011) in lipopolysaccharide induced
macrophages. Wild blueberry polyphenol extracts were associated with a decrease in
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iNOS, COX2, and NF-κB translocation in BV2 microglial cells induced with
lipopolysaccharide suggesting decreased inflammation (Lau et al., 2009).
2.16. Wild blueberries and insulin resistance
The consumption of wild blueberries may also directly affect the insulin response in cells,
rodents, and humans. A study (Martineau et al., 2006) that subjected C2C12 murine
skeletal myoblasts cells to extracts from the root, stem, or leaf of blueberries (V.
angustifolium) displayed a significantly improved glucose transport with and without the
presence of insulin after 20 hours of incubation.
A study from our lab (Vendrame et al., 2015) indicated that obese Zucker rats fed a wild
blueberries diet (8% w/w) for eight weeks displayed a significant reduction in HbA1c
compared to the control group (-20% reduction).
Obese Zucker rats fed a diet containing whole blueberry powder (2% w/w) improved
plasma insulin sensitivity as evidenced by a reduced fasting insulin, reduced HOMA-IR
score as well as a reduction in glucose area under the curve (AUC) score after
administration of a glucose bolus (Seymour et al., 2011).
In a double-blinded, randomized, placebo-controlled clinical study, scientists discovered
that after consumption of 45g of whole-blueberry smoothie drink twice per day for six
weeks displayed significant improvements in insulin sensitivity when compared to the
control group in obese, insulin resistant adult males and females (Stull et al., 2010).
2.17. Wild blueberries and vascular dysfunction
Wild blueberries have been examined and deemed a novel alternative toward enhancing
health outcomes by significantly reducing levels of oxidized DNA bases and increasing
the resistance from oxidation induced DNA damage after at-risk for cardiovascular
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disease male subjects consumed a blueberry drink for six weeks (Riso et al., 2013). Male
and female subjects who consumed a diet supplemented with blueberries equivalent to
one to two cups per day displayed an improvement in blood pressure (Johnson et al.,
2015) as well as vascular function (Johnson et al., 2015; Stull et al., 2015).
As seen in humans, vascular dysfunction is also seen in the OZR. Anthocyanins from
wild blueberries may promote an anti-inflammatory effect in OZR (Vendrame et al.,
2013; Vendrame,Kristo, et al., 2014) and improve endothelium function in diabetic mice
(Liu et al., 2014). Furthermore, the studies in our lab (Vendrame,Daugherty, et al., 2014;
Vendrame,Kristo, et al., 2014) showed that OZRs who consumed a wild blueberry diet
for eight weeks displayed improvements in aortic vasorelaxation (Ach-induced) and
constriction (Phe-induced) as well as a greater decrease in iNOS. The biomarker iNOS
has been reported to be an indicator of endothelial inflammation which is over-produced
in the Zucker rat and mice (Perreault et al., 2001). A decrease in vasoreactivity of iNOS
as well as vascular sensitivity of tumor necrosis factor alpha (TNF-α) causes
vasoconstriction (endothelin-1 over-production) which may be expressed in obesity.
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CHAPTER 3
MATERIALS AND METHODS
3.1. Animal model
Male obese Zucker rats (OZR) and their lean littermates, the lean Zucker rat (LZR), were
purchased from Charles River Laboratories, Wilmington, MA. They were placed on
either a control diet (C) or a wild blueberry diet (WB) at 8 weeks of age and were
provided water ad libitum. The rats were housed in individual stainless-steel cages with
elevated mesh bottoms in a temperature controlled room at 20 °C with adequate
ventilation. A 12-hour daylight and 12-hour darkness wake/sleep cycle was maintained.
Cages were cleaned once per week by the Small Animals Facility staff and were checked
upon daily to ensure adequate health, food, and water. The experiment was approved by
the Animal Care and Use Committee of the University of Maine.
3.2. Animal diets
Wild blueberries were provided as a composite by Wyman’s of Maine (Cherryfield, ME)
and processed following standard procedures to obtain a freeze-dried powder by
FutureCeuticals, Momence, IL. The C-diet was created by combining 691 g/kg of
dextrose, 200 g/kg of egg white solids, 69 g/kg of corn oil, 35 g/kg of mineral mixture
(AIN-93M), 10 g/kg of vitamin mix, 4 g/kg D-L-methionine, and 2 mg/kg of biotin. The
diet was designed to deliver 17% protein, 6% fat, 71% carbohydrate and 403 kcals/100g.
The WB diet was prepared using the same ingredients as the C-diet, although 8% weight
by weight of dextrose was replaced by an equivalent amount of WB powder w/w. The
final macronutrient content for the WB diet provided 17% protein, 6% fat, 68%
carbohydrate, 1.5% of fiber, and 0.12% of anthocyanins yielding 393 Kcal/100g of
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energy. As previously reported from a study in our lab (Del Bo et al., 2012), 21
anthocyanin profiles were comprised in the wild blueberry powder with Malvidin 3galactoside and peonidin-3-glucoside representing the greatest concentration at 13%, or
1.6 ± 0.2 mg/100 mg, of the total anthocyanins. The WB diet is equivalent to the daily
consumption of two cups of fresh wild blueberries by a human (Vendrame,Zhao, et al.,
2014), a realistic portion size for human consumption.
3.3. Harvesting tissue samples
Tissue samples from the Zucker rats were harvested at 16 weeks of age after 8 weeks on
the diets. The rodents were anesthetized with CO2 (95%) and O2 (5%) for approximately
three minutes. Liver samples as well as the upper thoracic artery were harvested. Each
tissue sample was preserved using 10% neutral buffered formalin solution as well as snap
frozen in liquid nitrogen and stored at -80°C.
3.4. Histological overview and stain analysis
Thirty two liver samples (eight from each group) were utilized from frozen tissue (-80°C)
for application of Oil-Red-O (ORO) stain and the Periodic Acid-Schiff (PAS) stain
performed by Dahl Chase Pathology Associates, Bangor Maine whereas the hepatic H&E
stain was performed at the University of Maine, Animal and Veterinary Sciences. The
liver tissue samples were sliced at 6 µm while the aortic tissue was sliced at 4 µm.
Twelve aortas (three from each group), previously preserved in paraffin, were utilized for
application of the Hematoxylin and Eosin (H&E) stain, Alcian Blue stain, and Sirius Red
stain, performed at the University of Maine, Animal and Veterinary Sciences. Both liver
and aortic samples were observed under the Olympus BX60 light microscope using the
Olympus DP71 camera to capture images.
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3.4.1. Hematoxylin & Eosin stain
The Hematoxylin and Eosin (H&E) stain is a double staining technique commonly used
in histopathology, cytopathology and in medical diagnostic laboratories. For the purpose
of this experiment, the H&E stain was used to assess morphological and structural
differences between the rodents in the liver and aortic tissues. The cytoplasm stained
pink, the nuclei stained blue, and other tissue structures stained light pink or purple. All
tissue was deparaffinized using xylene and hydrated through ethanol graded 100%, 95%,
and 70% for 2 minutes each. Slides were rinsed in tap water and then under distilled
water. Samples were hydrated in tap water for 2 minutes then placed in Harris’
Hemotoxylin (ThermoScientific, Waltham, MA) bath for 8 minutes with a final 2-minute
tap water rinse. Samples were dipped once in acid alcohol and rinsed under tap water for
5 minutes. Samples were subjected to ammonia water for 1 minute until blue, rinsed in
distilled water for 3 minutes, and then placed in Eosin-alcohol bath (ThermoScientific,
Waltham, MA) for 3 minutes. Samples were then dehydrated with 95% to 100% alcohol
and mounted.
3.4.2. Oil-Red-O stain
The Oil-Red-O (ORO) stain was used to determine the concentration of triglycerides in
the hepatic tissue. Triglycerides stained red, the nuclei stained blue and the hepatic tissue
stained pink. The protocol was performed by Dahl Chase Pathology Associates, Bangor,
Maine. Frozen liver tissue was sliced using a cryostat producing 6 µm thick samples and
fixed on 10% neutral buffered formaldehyde Touch Prep slides. Once rinsed in tap water,
one drop of Oil-Red O solution (Poly-Scientific Research, Bay Shore, NY) was applied
to each slide for 10 minutes and then rinsed with tap water. One drop of Herris
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Hematoxylin (StatLab, McKinney, TX) was added to each slide and rinsed under tap
water. Ammonia water (2 ml ammonium hydroxide, 40 ml tap water) was used to briefly
wash the slides and then were washed in warm tap water for 5 minutes. Slides were then
mounted with aqueous mounting medium (Poly-Scientific Research, Bay Shore, NY).
3.4.3. Periodic Acid-Schiff stain
The Periodic Acid-Schiff Stain (PAS) displays the exposed aldehyde sugar groups after
oxidation has occurred. In this experiment, the periodic acid produced a dark magenta
color for a positive stain compared to lighter pink of the tissue. The PAS stain represents
glycogen, neutral mucosubstances and basement membranes. The stain was used to
expose glycogen content in hepatocytes of the liver (Saxena, 2010). Once specimens (4
µm slices mounted on glass slides) were deparaffinized and hydrated, one drop of 0.5%
Periodic Acid solution was added to each slide (0.5g Periodic Acid Crystals and 100ml
deionized water). Once rinsed under deionized water, the slides were placed in Schiff’s
Reagent (Sigma-Aldrich Co, LLC) for 15 minutes. The slides were then rinsed in two
baths of Sulfurous Acid rinse (6 ml 10% sodium metabisulfite, 5 ml 1N hydrochloric
acid, 100 ml deionized water) for 4 minutes each. After 10 minutes of tap water wash
over the slides, one drop of Harris Hematoxylin (StatLab, McKinney, TX) was placed on
each slide for 30 seconds. Ammonia water (2 ml ammonium hydroxide, 40 ml tap water)
was used to briefly wash the slides and then the slides were washed in warm tap water for
5 minutes. Finally, the tissue was dehydrated and mounted with Consulmount™,
mounting medium.
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3.4.4. Sirius Red stain
The Sirius Red stain was used identify collagen accumulation and fibrosis in the aortic
tissues. Sirius Red stains collagen-I fibers, reticulin fibers, basement membranes and
some mucins (Saxena, 2010). In the bright field microscope, the collagen appeared red,
the nuclei as black or brown, and the cytoplasm as well as other background structures
had a pale yellow or orange appearance. All tissue was deparaffinized using xylene and
hydrated through ethanol graded 100%, 95%, and 70% for 2 minutes each, then rinsed in
distilled water for two minutes. The NovaUltra™ Sirius Red Stain Kit (IHC World,
Ellicot City, MD) was used for the following procedure which contains Weigert’s
Hematolxylin, Picro-Sirius Red Solution, and Acetic Acid Solution. Samples were placed
in 250 ml of Weigert’s Hematolxylin Solution for 10 minutes and then washed under tap
water for 10 minutes. The samples were then stained in 250 ml of Picro-Sirius Red
Solution for 60 minutes and briefly rinsed in tap water. Samples were then washed in 250
ml of Acetic Acid Solution for 1 minute and the water was removed from slides through
vigorous shaking. Samples were dehydrated in two changes of 100% alcohol, 5 minutes
each, and two changes of xylene, 5 minutes each. Samples were then mounted in a
resinous mounting medium.
3.4.5. Alcian Blue stain
Alcian Blue stain is used to identify acid mucins, sulfated and carboxylated
mucosubstances and acid mucins that may be present in aortic tissue. Sulfated
mucosubstances, such as the target glycoproteins glycosaminoglycans (GAG), appeared
blue. Cytoplasm and the background appeared pale pink while the nuclei stained pink to
red under a bright field microscope. All tissue was deparaffinized using xylene and
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hydrated through ethanol graded 100%, 95%, and 70% for 2 minutes each. Slides were
rinsed in tap water and then under distilled water. The samples were then place in 3%
acetic acid for 3 minutes and then stained with Alcian Blue, pH 2.5 stain kit (American
MasterTech, Lodi, CA) for 30 minutes and then rinsed in tap water for 1 minute. The
samples were counterstained in Nuclear fast red for 5 minutes and rinsed with tap water
for 1 minute. Finally, the samples were dehydrated through 95% and 100% ethanol to
xylene for 1 minute each and mounted with resinous medium.
3.5. Image analysis overview
Histologic image analysis is a method of extrapolating qualitative and quantitative
pictoral information from digital images and is commonly used in histological research.
ImageJ 1.5b with Java 1.8.0 update, is an open source program developed by Wayne
Rasband from the Research Services Branch, National Institute of Mental Health,
Bethesda, Maryland in the 1970’s. ImageJ has continued to be refined for over 25 years
through the collaboration of the scientific community, NIH, and the original developer
(Schneider et al., 2012). This program is loaded with pre-programmed and programmable
tool sets that allow the user to freely extract the information they require for two and
three dimentional objects. For this experiment, the program was specifically used to
quantify the area of four unique stains as well as serve as a medium to interact and view
images. Each image was taken at 4x, 10x, and 40x objectives using a resolution of 4080 x
3072 to be saved as high quality TIFF files.
In order to assess the ultrastructure of hepatic and aortic tissue, five unique stains were
utilized. The Oil-Red-O stain (hepatic tissue), Hematoxylin and Eosin Stain (aortic and
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hepatic tissues), Periodic Acid-Schiff stain (hepatic tissue), Sirius Red stain (aortic
tissue), and finally the Alcian blue stain (aortic tissue) were utilized.
3.5.1. Image analysis: hepatic tissue
For each rodent, two liver slices from the same animal were mounted to glass slides and
stained with H&E or PAS. For each liver slice (two per animal), 6 images were taken
with a total of 12 images each for each rodent. For the 10x and 40x objectives, a
systematic method of sampling images was utilized as seen Figure 2. Within a single
rodent 6 images (numbers 1-6) were taken from the first liver slice and then 6 more
images (numbers 7-12) were taken on the second liver slice.
Figure 2: Method of capturing images from the hepatic tissue

Figure 2 displays the systematic method of capturing images when using the A) 10x objective
and B) the 40x objective.

3.5.2. Digital analysis of hepatic lipid content: Hematoxylin and Eosin
To evaluate the H&E-stained hepatic tissue for lipid content, ImageJ first converted the
image to an 8-bit image resulting in grey-scale. The contrast was adjusted to 100 (lower)
and 190 (upper) to distinctly identify the lipid vacuoles. A threshold was then applied to
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the images between 155 to 170 (lower) and 255 (upper). The images were then converted
to a “mask” or binary image. The watershed algorithm was performed to separate
conjoined lipid droplets. Finally, the images were analyzed for the percentage of area.
This process has been visually outlined in Figure 3. To account for sinusoidal space in
lean animals, a circularity factor was added to the algorithm during the analysis which
excludes objects with a circularity range between 0.0 to 0.2 and included lipid droplets
between 0.2 to 1.0. By performing this, the longitudinally shaped sinusoidal spaces and
artifacts were excluded from the results. This the circularity function was not performed
in the obese rodents since steatosis displaced the sinusoidal space.
Figure 3: Sample of hepatic lipid assessment using Hematoxylin and Eosin

Figure 3 displays a depiction of how 1) the original image was converted to 2) an
8-bit image, then 3) a threshold was applied to capture the lipid vacuole area, and
4) finally the image was converted to a binary mask for analysis. The image was
captured under a 10x objective.
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3.5.3. Histopathological analysis of hepatic lipid content: Hematoxylin and Eosin
The H&E stain was also used to assess for the presence of steatosis evaluated by a
pathologist Dr. Jay Ye, Chief of Dahl Chase Pathology Associates, Eastern Maine
Medical Center, as well as the author using a blinded randomized procedure. After 32
liver slides (n=8 LZR-C, n=8 LZR-WB, n=8 OZR-C, n=8 OZR-WB) were designated
with a randomly generated number from a third party, each evaluator reviewed all 32
slides and used a template which displayed percentage choices from ≤ 5% to 100% in
increments of five as the percentage perceived to be lipid. The evaluator would first
review all random slides under the microscope using the 4x, 10x, and 40x objectives, as
seen in Figure 4 and then proceed to evaluate each individual slide.
Figure 4: Sample of hepatic lipid content using Hematoxylin and Eosin

Figure 4 displays an example of A) the OZR and B) the LZR under 4x, 10x, and 40x
objectives. Each evaluator viewed the slides under all objective magnifications.
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3.5.4. Digital analysis of hepatic lipid content: Oil-Red-O
To assess the lipid content in the liver, all 32 rodents were initially analyzed (n=8 LZR-C,
n=8 LZR-WB, n=8 OZR-C, n=8 OZR-WB). Both the H&E and ORO stains were used
for hepatic assessment of lipid content using ImageJ image analysis. For the ORO stain,
each 10x objective image was converted to a 32-bit image. Contrast was adjusted and set
between 100 (lower) to 190 (upper) values to enhance the contrast of the red dye. A
plugin called “Color Deconvolution”, designed by A.C. Ruifrok, was used to separate
image colors using “color subtraction” to yield three distinct vectors. Figure 5 displays a
depiction of color deconvolution before the analysis. A threshold was applied to the new
image (after color deconvolution) which produced a mask over the ORO stain. The
images were then converted to a binary image. The watershed algorithm was used to
separate lipid droplets if merged in the image. Finally, the percentage stained with ORO
was analyzed.
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Figure 5: Sample of hepatic lipid Assessment by Oil Red O

Figure 5 displays a depiction of how the deconvolution plugin from ImageJ separated
the colors within the hepatic tissue before analysis under a 10x objective. The ORO
(red), background (light pink), and nuclei (purple) colors were separated to distinguish
from each other. Oil Red O, ORO.

3.5.5. Digital analysis of hepatic glycogen: Periodic Acid-Schiff
The Periodic Acid-Schiff (PAS) stain was performed by Dahl Chase Diagnostics Services
in Bangor Maine. For this procedure, eight liver tissue samples from each rodent group
were sliced using a cryostat at 4 µm. A total of 32 livers from the four groups were
stained with PAS (n=8 LZR-C, n=8 LZR-WB, n=8 OZR-C, n=8 OZR-WB). The color
deconvolution plugin was used in ImageJ to separate three distinct colors into
background, tissue, and PAS stain, as seen in Figure 6. Once the threshold was applied to
the color designated as PAS, the percentage of area stained was assessed.
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Figure 6: Sample of hepatic glycogen assessment using Periodic Acid-Schiff

Figure 6 displays a depiction of how the deconvolution plugin from ImageJ separated the colors
within the hepatic tissue. The stain was separated into PAS (magenta), background (light pink)
and tissue (darker pink) to distinguish the colors from each other. PAS, Periodic Acid-Schiff.

3.5.6. Image analysis: aortic tissue
On the 10x objective, the image was divided into four quadrants where each section was
taken using a clockwise motion from the 12:00, 3:00, 6:00, and 9:00 positions without
overlap of tissue. Using the 40x objective, the same systematic method was used to
capture images at the 1:00, 3:00, 5:00, 7:00, 9:00, and 11:00 positions in a clockwise
motion to prevent overlapping of tissue sections. Both methods are illustrated in Figure 7.
The 10x objective was used to analyze the aortic width while the 40x objective was used
to analyze the nuclei count, Sirius Red Stain, and Alcian Blue stain.
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Figure 7: Method of capturing images from the aortic tissue

Figure 7 displays boxes that indicate where images were captured from within the aortic
tissue. Image A) displays the sample areas for the 10x objective while image B) displays the
sample areas for the 40x objective.

3.5.7. Digital analysis of aortic nuclei: Hematoxylin and Eosin
To assess the number of nuclei in the aorta (n=3 LZR control, n=3 LZR WB, n= 3 OZR
control, n= 3 OZR WB), each rat aorta was viewed upon the 40x objective to capture six
images taken from the 1:00, 3:00, 5:00, 7:00, 9:00, and 11:00 positions to avoid
overlapping tissue sections for a total of 6 images per rodent. Each image was opened
separately on ImageJ as a normal red, green, blue (RGB) file as seen in Figure 8. A
plugin called “Cell Counter” designed by Kurt De Vos was used to mark the nuclei in the
medial layer. The intimal layer and adventitial layer containing collagen was excluded
from the count. Also, if nuclei fell off the border of the image they were excluded from
the count.
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Figure 8: Sample of nuclei assessment of aortic tissue using Hematoxylin and Eosin

Figure 8 displays the aortic tissue stained with H&E in order to assess the number of nuclei.
The arrows point to an example of nuclei that have been counted which are designated by the
green dot. The 40x objective was used to capture this image. H&E, Hematoxylin and Eosin.

3.5.8. Digital analysis of aortic collagen and connective tissue: Sirius Red
The percentage area of the collagen and connective tissue in the tunica media was
assessed using ImageJ software and the Sirius Red stain for all rodents (n= 3 LZR-C, n=3
LZR-WB, n=3 OZR-C, n=3 OZR-WB). Once the images were captured, each image was
opened and converted to a red, green, blue (RGB) image. Before applying the threshold
mask, the region of interest (ROS) was outline with the polygon tool. This was performed
as a RGB image to capture only the area that was to be measured and avoid including the
luminal (white) space, intimal layer, and adventitial layer, which is dense with
collagenous tissue. Therefore, the total area captured consisted of the tunica media. Once
the polygon tool selected the region of interest (ROI), the image was converted to an 8-bit
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grey image. A threshold was then applied and adjusted to an appropriate mask depending
on the intensity of the Sirius Red dye. The threshold was adjusted by examining the 8-bit
color image next to the RGB image to ensure correct representation of the threshold mask
over the collagen sections was applied. This process is visually outlined in Figure 9.
Figure 9: Sample of aortic collagen and connective tissue using Sirius Red

Figure 9 displays 1) the original Sirius Red stained image which was converted to 2) a greyscale 8bit image, then 3) a threshold was applied and finally 4) a binary mask is generated. Images were
captured using the 40x objective.

3.5.9. Digital analysis of aortic width: Sirius Red
The Sirius Red stain was used to analyze the tissue morphology of the aortic width for
each rodent (n= 3 LZR-C, n=3 LZR-WB, n=3 OZR-C, n=3 OZR-WB). This procedure
required the use of 10x objectives which produced four images per aorta, or per rodent.
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Each image was opened in ImageJ software and three measurements per aortic image
were taken. For each aorta, four images were taken on the 10x objective at the 3:00, 6:00,
9:00, and 12:00 positions. The “line tool” from ImageJ was used to measure the width
from the external elastic lamina to the internal elastic lamina of the aorta, as seen in
Figure 10. This method excluded the natural presence of collagen in the adventitia.
Figure 10: Width assessment of the tunica media using Sirius Red

Figure 10 displays an example of a 10x image of the aorta at the 3:00 position. ImageJ
was used to assess the width of the aorta at three locations as seen by the yellow bars.

3.5.10. Digital analysis of aortic glycosaminoglycans: Alcian Blue
The Alcian Blue stain was used to analyze the visual presence of glycosaminoglycans in
the tunica media for each rodent (n= 3 LZR-C, n=3 LZR-WB, n=3 OZR-C, n=3 OZRWB). The procedure utilized the 40x objective for visual acuity of the Alcian Blue stain.
For each rodent, one aorta slice was sampled and six images were taken of the aortic
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medial layer at the 1:00, 3:00, 5:00, 7:00, 9:00 and 11:00 positions. ImageJ was used to
adjust the contrast, perform a color deconvolution, apply an appropriate threshold,
generate a binary mask and finally take measurements of the percent stained with Alcian
Blue. This process has been outlined in Figure 11.
Figure 11: Sample of aortic glycosaminoglycans using Alcian Blue

Figure 11 displays the 1) contrast adjusted for the “raw” image, 2) application of color deconvolution,
3) application of a threshold, and 4) conversion to a binary mask. Images were captured using the 40x
objective.

3.6. Biochemical assessment: hepatic triglycerides
Triglycerides were extracted and quantified by the use of a commercially available
Triglyceride Colorimetric Assay kit (Cayman Chemical, Item No. 10010303). The kit
provided the Standard Diluent Assay Reagent (5X) which was then diluted with HPLCgrade water and powdered EDTA, acting as a protease inhibitor, to achieve the proper
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concentration. The Sodium Phosphate Assay Buffer was diluted with HPLC-grade water
in a 50 ml centrifuge tube and stored at room temperature. The Triglyceride Enzyme
powder was reconstituted with HPLC-grade water in a 15 ml centrifuge tube and then
wrapped in aluminum foil to prevent degradation of enzymes. After the liver tissue was
thawed, 360 ± 2 mg of of each tissue sample was weighed and homogenized with 2 ml of
Standard Diluent using a Tenbroeck glass tissue homogenizer. The homogenates were
then centrifuged at 10,000 x g for 10 minutes at 4°C. Avoiding the pellet on the bottom,
the supernatant was transferred to a separate centrifuge. A vortex mixer aided in
dissolving the fatty mixture in the supernatant. To create the Triglyceride Standard, the
contents of the Standard Diluent and Triglyceride Enzyme were serially diluted between
each of the Eppendorf tubes as directed starting from tube one and ending at tube seven,
leaving tube eight as a blank. The supernatants were then diluted with Standard Diluent at
a 1:5 ratio for the lean rodents and 1:20 ratio for the obese rodents to account for high fat
content; each sample was vortexed again before pipetting. From each diluted supernatant,
10 µl of each animal were pipetted into the 96-well plate in duplicates. The Triglyceride
Standard was also pipetted on the 96-well plate in duplicate. The Sodium Phosphate
Assay Buffer (enzyme buffer) was added to each well to initiate the reaction. The 96-well
plate was mixed using a microtiter plate and then incubated at room temperature for 15
minutes. Finally, the BioTek Synergy 2™ was used to assess absorbance at 540 nm and
expressed as optical density. After standardizing the curve, the optical density was used
to express the amount of triglycerides as mg of TG per gram of tissue (mg/g).
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3.7. Statistical analysis
A two-way Analysis of Variance (ANOVA) was used to compare the diet and the rodent
type as the two dependent variables. For the hepatic tissue, the analyses performed
included the percentage of total lipid, the concentration of triglycerides, and the
percentage of glycogen. The two-way ANOVA was followed by a Tukey Test if
significance was found. The Kruskal-Wallis statistical analysis is a conservative test
utilized to evaluate data from aortic morphology due to a small sample size. This
statistical test evaluated aortic data derived from the number of nuclei, aortic width,
percentage of glycosaminoglycans, and the percentage of collagen and connective tissue.
The Kruskall-Wallis test was followed by Dunn’s test to correct for multiple
comparisons. The statistical software, GraphPad Prism 6 (GraphPad Software inc, La
Jolla, CA, United States) was used to for the analyses and the results were presented as
mean ± SEM (standard error of the mean). Observed differences were considered
statistically significantly if p ≤ 0.05.
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CHAPTER 4
RESULTS
4.1. Animal weight
The averaged, final weight for the obese Zucker rats (454.95 ± 11.34g) was significantly
higher than the weight for the lean rodents (163.97 ± 9.94g) (Table 1) starting at 8 weeks
of age until 16 weeks of age. No statistically significant differences were found between
the OZR-C and the OZR-WB groups.
4.2. Food intake
Significantly higher food intake in the obese Zucker rats (29.80 ± 1.30 g/day) compared
to the lean rodents (23.45 ± 1.44 g/day) was observed. Within each rodent type, the food
consumption was homogeneous between rodent types (LZR-C versus LZR-WB as well
as OZR-C versus OZR-WB) as seen in Table 1.
Table 1: The effect of a wild blueberry diet on the average final weight, weight gain,
and food intake in the Zucker rat
LZR-C

LZR-WB

Average Final Weight (g) 311.3±18.4 302 ± 18.6

OZR-C
447.7 ± 23.2

OZR-WB
#

462.2 ± 22.1*

Average Weight gain (g)

166.5±17.5 161.4 ± 22.3 276.6 ± 24.8# 274.6 ± 35.0*

Average food intake (g)

23.8±2.3

23.1 ± 1.9

30.2 ± 2.9#

29.4 ± 2.3*

Values are means ± SEM; LZR-C (n=8), LZR-WB (n=8), OZR-C (n=8), OZR-WB
(n=8); statistical significance (p≤0.05) due to the rodent type consuming the WB-diet*
and the C-diet#; Abbreviations: LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C,
Control diet; WB, Wild Blueberry diet.
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4.3. Hepatic triglyceride concentration in the Zucker rat
As seen in Figure 12 and Table 2, there were significant differences due to rodent type
between the LZR-WB versus the OZR-WB as well as the LZR-C versus the OZR-C.
Triglyceride (TG) content did not differ significantly between the LZR-C (12.46 ± 1.08
mg/g) and the LZR-WB (11.84 ± 1.58 mg/g). There was also no significant difference
between the OZR-C (116.30 ± 13.53 mg/g) and the OZR-WB (165.20 ± 15.34 mg/g).
Figure 12: The effect of a wild blueberry diet on hepatic triglyceride concentration
in the Zucker rat

Values are means ± SEM; LZR-C (n=8), LZR-WB (n=8), OZR-C (n=5), OZR-WB
(n=8); statistical significance (p≤0.05) due to the rodent type consuming the WB-diet*
and the C-diet#; LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C, Control diet; WB,
Wild Blueberry diet.
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Table 2: The effect of a wild blueberry diet on hepatic triglyceride concentration in
the Zucker rat

Ave TG (mg/g)

LZR-C
LZR-WB
12.46 ± 1.08 11.84 ± 1.58

OZR-C
116.30 ± 13.53#

OZR-WB
165.20 ± 15.34*

Values are means ± SEM; LZR-C (n=8), LZR-WB (n=8), OZR-C (n=5), OZR-WB
(n=8); statistical significance (p≤0.05) due to the rodent type consuming the WB-diet*
and the C-diet#; LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C, Control diet; WB,
Wild Blueberry diet.
4.4. Percentage of hepatic triglyceride using Oil-Red O in the Zucker rat
Figure 13 displays an image analysis example of hepatic TG content using the ORO
stain. Figure 14 and Table 3 show significant differences for the average percentage of
lipid area between the LZR-WB (0.90 ± 0.49 %) versus the OZR-WB (20.58 ± 3.33 %)
as well as the LZR-C (1.23 ± 0.56 %) versus the OZR-C (23.68 ± 1.97 %). Although no
significant differences were observed, there appeared to be a trend for lower total lipid
percentage in the OZR-WB compared to the OZR-C as well as in the LZR-WB compared
to the LZR-C. Results were based upon analysis using a 10x objective.
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Figure 13: Hepatic tissue stained with Oil-Red-O to display total triglycerides in the
Zucker rat

Ultrastructure differences between total hepatic lipid percentage in the A) LZR-C, B) LZR-WB, C)
OZR-C and D) OZR-WB. The red dye represents TG content, the pale blue as nuclei, and the purple
as tissue. The images were taken under the 40x objective.

Figure 14: The effect of a wild blueberry diet on the percentage of hepatic
triglycerides using Oil-Red O in the Zucker rat

Values are means ± SEM; LZR-C (n=8), LZR-WB (n=8), OZR-C (n=6), OZR-WB
(n=8); statistical significance (p≤0.05) due to the rodent type consuming the WB-diet*
and the C-diet#; LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C, Control diet; WB,
Wild Blueberry diet.
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Table 3: The effect of a wild blueberry diet on the percentage of hepatic triglyceride
using Oil-Red O in the Zucker rat

Ave % ORO

LZR-C
1.23 ± 0.56

LZR-WB
0.90 ± 0.49

OZR-C
23.68 ± 1.97#

OZR-WB
20.58 ± 3.33*

Values are means ± SEM; LZR-C (n=8), LZR-WB (n=8), OZR-C (n=6), OZR-WB
(n=8); statistical significance (p≤0.05) due to the rodent type consuming the WB-diet*
and the C-diet#; LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C, Control diet; WB,
Wild Blueberry diet.
4.5. Percentage of hepatic lipid using Hematoxylin and Eosin in the Zucker rat
Figure 15 displays an image analysis example of hepatic lipid content using the H&E
stain. Figure 16 and Table 4 show significant differences between the percentage of total
hepatic lipid in the LZR-WB (3.61 ± 0.57%) versus the OZR-WB (30.73 ± 3.13%) as
well as the LZR-C (2.14 ± 0.27%) versus the OZR-C (28.24 ± 2.89%). There were no
statistically significant results due to the effect of diet.
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Figure 15: Hepatic tissue stained with Hematoxylin and Eosin to display lipid
content in the Zucker rat

Ultrastructure and morphological differences between the A) LZR-C, B) LZR-WB, C) OZR-C and
D) OZR-WB. The light purple represents the tissue, the dark blue/purple as nuclei, the white space
as lipid vacuoles, and dark magenta as cellular structure. Images were captured using the 10x

Figure
16: The effect of a wild blueberry diet on the percentage of hepatic lipid
objective.
using Hematoxylin and Eosin in the Zucker rat

Values are means ± SEM; LZR-C (n=8), LZR-WB (n=8), OZR-C (n=8), OZR-WB
(n=8); statistical significance (p≤0.05) due to the rodent type consuming the WB-diet*
and the C-diet#; LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C, Control diet; WB,
Wild Blueberry diet.
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Table 4: The effect of a wild blueberry diet on the percentage of hepatic lipid using
Hematoxylin and Eosin in the Zucker rat

Ave % H&E

LZR-C
2.14 ± 0.27

LZR-WB
3.61 ± 0.57

OZR-C
28.24 ± 2.89#

OZR-WB
30.73 ± 3.13*

Values are means ± SEM; LZR-C (n=8), LZR-WB (n=8), OZR-C (n=8), OZR-WB
(n=8); statistical significance (p≤0.05) due to the rodent type consuming the WB-diet*
and the C-diet#; LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C, Control diet; WB,
Wild Blueberry diet.
4.6. Analysis by a pathologist for the percentage of hepatic lipid stained with
Hematoxylin and Eosin in the Zucker rat
Figure 17 and Table 5 show multiple evaluations of the liver sections using the H&E
stain displayed significant differences between the percentage of lipid content between
the LZR-WB (7.18 ± 0.52%) versus the OZR-WB (68.71 ± 4.05%) as well as the LZR-C
(6.45 ± 0.85%) versus the OZR-C (63.85 ± 4.79%). Results were based upon a blinded,
randomized controlled analysis.
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Figure 17: The effect of a wild blueberry diet after histopathological analysis by a
pathologist for the percentage of hepatic lipid stained with Hematoxylin Eosin in the
Zucker rat

Values are means ± SEM; LZR-C (n=8), LZR-WB (n=8), OZR-C (n=8), OZR-WB
(n=8); statistical significance (p≤0.05) due to the rodent type consuming the WB-diet*
and the C-diet#; LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C, Control diet; WB,
Wild Blueberry diet.
Table 5:The effect of a wild blueberry diet after histopathological analysis by a
pathologist for the percentage of hepatic lipid stained with Hematoxylin Eosin in the
Zucker rat

Ave % H&E

LZR-C
6.45 ± 0.85

LZR-WB
7.18 ± 0.52

OZR-C
63.85 ± 4.79#

OZR-WB
68.71 ± 4.05*

Values are means ± SEM; LZR-C (n=8), LZR-WB (n=8), OZR-C (n=8), OZR-WB
(n=8); statistical significance (p≤0.05) due to the rodent type consuming the WB-diet*
and the C-diet#; LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C, Control diet; WB,
Wild Blueberry diet.
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4.7. Percentage of hepatic glycogen using Periodic Acid-Schiff in the Zucker rat
Figure 18 displays an example of hepatic glycogen content using Periodic Acid-Schiff
stain. Figure 19 and Table 6 show significant differences between rodent type as
evidenced by the percentage of area stained in the LZR-WB (2.92 ± 0.18%) group
compared to the OZR-WB (27.98 ± 5.55%) group as well as the LZR-C (0.94 ± 0.75%)
group compared to the OZR-C (25.22 ± 5.08%).
Figure 18: Hepatic tissue stained with Periodic Acid-Schiff to display glycogen
content in the Zucker rat

Ultrastructural differences in total hepatic glycogen percentage between the A) LZR-C,
B) LZR-WB, C) OZR-C, and D) OZR-WB. The dark magenta dye represents the
concentrated glycogen stores, the light pink as hepatic tissue, and the white space as
sinusoidal space. Images were captured using the 10x objective.
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Figure 19: The effect of a wild blueberry diet on the percentage of hepatic glycogen
using Periodic Acid-Schiff in the Zucker rat

Values are means ± SEM; LZR-C (n=8), LZR-WB (n=8), OZR-C (n=8), OZR-WB
(n=8); statistical significance (p≤0.05) due to the rodent type consuming the WB-diet*
and the C-diet#; LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C, Control diet; WB,
Wild Blueberry diet.
Table 6: The effect of a wild blueberry diet on the percentage of hepatic glycogen
using Periodic Acid-Schiff in the Zucker rat

Ave % PAS

LZR-C
0.94 ± 0.75

LZR-WB
2.92 ± 0.18

OZR-C
25.22 ± 5.08#

OZR-WB
27.98 ± 5.55*

Values are means ± SEM; LZR-C (n=8), LZR-WB (n=8), OZR-C (n=8), OZR-WB
(n=8); statistical significance (p≤0.05) due to the rodent type consuming the WB-diet*
and the C-diet#; LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C, Control diet; WB,
Wild Blueberry diet.
4.8. Percentage of collagen and connective tissue using Sirius Red in the Zucker rat
Figure 20 displays and example of aortic tissue stained with Sirius Red to detect collagen
content. As seen in Figure 21 and Table 7, there were no significant differences due to
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diet or animal model between the OZR-WB and the OZR-C nor were there significant
differences between LZR-WB and LZR-C groups. However, there appeared to be a trend
for less visual presence of Sirius Red stain in the LZR-WB (11.74 ± 1.68%) group
compared to the LZR-C (16.31 ± 3.91%) group as well as the OZR-WB (17.90 ± 1.14%)
group compared to the OZR-C (18.05 ± 1.57%).
Figure 20: Hepatic tissue stained with Sirius Red to display collagen and connective
tissue in the Zucker rat

Ultrastructure differences in collagen formation within the tunica media layer of the A) LZR-C, B)
LZR-WB, C) OZR-C, and D) OZR-WB. The dark red represents collagen and connective tissue and
the lighter pink represents smooth muscle cell tissue. The top red-stained portion was excluded from
analysis as this represents the adventitial layer. Images were captured using the 10x objective.
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Figure 21: The effect of a wild blueberry diet on the percentage of collagen and
connective tissue using Sirius Red in the Zucker rat

Values are means ± SEM; LZR-C (n=3), LZR-WB (n=3), OZR-C (n=3), OZR-WB
(n=3); LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C, Control diet; WB, Wild
Blueberry diet.
Table 7: The effect of a wild blueberry diet on the percentage of collagen and
connective tissue using Sirius Red in the Zucker rat

Ave. Area %

LZR-C
LZR-WB
16.31 ± 3.91 11.74 ± 1.68

OZR-C
18.05 ± 1.57

OZR-WB
17.90 ± 1.14

Values are means ± SEM; LZR-C (n=3), LZR-WB (n=3), OZR-C (n=3), OZR-WB
(n=3); LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C, Control diet; WB, Wild
Blueberry diet.
4.9. Width of the tunica media using Sirius Red in the Zucker rat
As seen in Figure 22 and Table 8, there were no significant differences observed due to
diet between the OZR-WB and the OZR-C as well as the LZR-WB and the LZR-C. There
were also no significant differences observed due to rodent type between the LZR-WB
and the OZR-WB as well as the LZR-C and the OZR-WB. Although not significant, there
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appeared to be a trend toward smaller width size in the LZR-WB (100.80 ± 1.94 µm)
compared to the LZR-C (108.10 ± 7.48 µm) as well as smaller width size in the OZRWB (117.20 ± 10.76 µm) compared to the OZR-C (121.10 ± 12.44 µm).
Figure 22: The effect of a wild blueberry diet on the width of the tunica media using
Sirius Red in the Zucker rat

Values are means ± SEM; LZR-C (n=3), LZR-WB (n=3), OZR-C (n=3), OZR-WB
(n=3); LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C, Control diet; WB, Wild
Blueberry diet.
Table 8: The effect of a wild blueberry diet on the width of the tunica media using
Sirius Red in the Zucker rat
LZR-C
Ave. Width µm 108.10 ± 7.48

LZR-WB
100.80 ± 1.94

OZR-C
121.10 ± 12.44

OZR-WB
117.20 ± 10.76

Values are means ± SEM; LZR-C (n=3), LZR-WB (n=3), OZR-C (n=3), OZR-WB
(n=3); LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C, Control diet; WB, Wild
Blueberry diet.
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4.10. Average number of nuclei in the tunica media using Hematoxylin and Eosin in
the Zucker rat
Figure 23 displays an example of aortic nuclei in the tunica media using the H&E stain.
As seen in Figure 24 and Table 9, there were no significant differences between diet
(OZR-C versus OZR-WB) nor were there significant differences between the rodent
group (LZR-C versus OZR-C and LZR-WB versus OZR-WB). However, there was a
non-significant trend for a greater number of nuclei in the LZR-WB (53.17 ± 2.55)
compared to the LZR-C (50.10 ± 5.42) as well as the OZR-WB (77.00 ± 12.35)
compared to the OZR-C (56.13 ± 9.47).
Figure 23: Aortic tissue of the tunica medial stained with Hematoxylin and Eosin to
display the nuclei in the Zucker rat

Ultrastructure differences of nuclei number in the tunica media for the A) LZR-C, B) LZR-WB, C)
OZR-C, and D) OZR-WB. The dark purple dye represents the nuclei, dark pink as elastic lamina, and
the lighter pink as medial, smooth muscle cell tissue. Images were captured using the 40x objective.
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Figure 24: The effect of a wild blueberry diet on the average number of nuclei in the
tunica media using Hematoxylin and Eosin in the Zucker rat

Values are means ± SEM; LZR-C (n=3), LZR-WB (n=3), OZR-C (n=3), OZR-WB
(n=3); LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C, Control diet; WB, Wild
Blueberry diet
Table 9: The effect of a wild blueberry diet on the average number of nuclei in the
tunica media using Hematoxylin and Eosin in the Zucker rat

Ave. # Nuclei

LZR-C
50.10 ± 5.42

LZR-WB
53.17 ± 2.55

OZR-C
56.13 ± 9.47

OZR-WB
77.00 ± 12.35

Values are means ± SEM; LZR-C (n=3), LZR-WB (n=3), OZR-C (n=3), OZR-WB
(n=3); LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C, Control diet; WB, Wild
Blueberry diet.
4.11. Percentage of glycosaminoglycans in the tunic media using Alcian Blue in the
Zucker rat
Figure 25 displays an example of aortic tissue stained with Alcian Blue to detect the
presence of glycosaminoglycans. As observed in Figure 26 and Table 10, there were no
significant differences between the diet groups (OZR-WB versus OZR-C and LZR-WB
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and LZR-C) nor were there significant differences between the rodent types (LZR-WB
versus OZR-WB and LZR-C versus OZR-C). Although non-significant, there appeared to
be a trend displaying less visual Alcian Blue stain in the LZR-WB (3.83 ± 0.83%)
compared to the LZR-C (4.39 ± 0.89%) as well as in the OZR-WB (5.95 ± 1.51%)
compared to the OZR-C (8.02 ± 0.91%).
Figure 25: Aortic tissue of the tunica media using Alcian Blue to display
glycosaminoglycans in the Zucker rat

Ultrastructural differences of glycosaminoglycans within the A) LZR-C, B) LZR-WB, C) OZR-C,
and D) OZR-WB. The blue dye represents glycosaminoglycans and acid mucins, dark pink as the
elastic lamina, and lighter pink as medial tissue. Images were captured using the 40x objective.
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Figure 26: The effect of wild blueberry diet on the percentage of aortic
glycosaminoglycans using Alcian Blue in the Zucker rat

Values are means ± SEM; LZR-C (n=3), LZR-WB (n=3), OZR-C (n=3), OZR-WB
(n=3); LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C, Control diet; WB, Wild
Blueberry diet.
Table 10: The effect of a wild blueberry diet on the percentage of aortic
glycosaminoglycans using Alcian Blue in the Zucker rat

Ave. % Stained

LZR-C
4.39 ± 0.89

LZR-WB
3.83 ± 0.83

OZR-C
8.02 ± 0.91

OZR-WB
5.95 ± 1.51

Values are means ± SEM; LZR-C (n=3), LZR-WB (n=3), OZR-C (n=3), OZR-WB
(n=3); LZR, Lean Zucker Rat; OZR, Obese Zucker Rat; C, Control diet; WB, Wild
Blueberry diet.
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CHAPTER 5
DISCUSSION
Four methods were utilized to compare and validate total hepatic lipid and TG content.
Results revealed a statistically significant increase in hepatic steatosis in the OZR
compared to the LZR after image analysis of the H&E and ORO stains, after evaluation
of the H&E stain by a pathologist as well as from hepatic TG concentration results.
Although non-significant, image analysis of hepatic triglycerides using the ORO stain
found a decreasing trend in TG content in the OZR-WB group compared to the OZR-C.
Image analysis of the Periodic Acid-Schiff (PAS) stain revealed a significant increase in
hepatic glycogen content in the OZR compared to the LZR. Although non-significant, the
LZR-WB and OZR-WB tended to have a greater amount of glycogen than the LZR-C
and OZR-C groups respectively.
To evaluate the morphology of aortic tissue, four methods were utilized to assess
structural changes and validate the potential for fibrosis in the medial layer. There were
no statistically significant differences found due to rodent model or due to diet after
evaluating for connective tissue, medial width, number of nuclei, and
glycosaminoglycans. Compared to the LZR-C and LZR-WB groups, the OZR-C and
OZR-WB groups tended to have a greater percentage of glycosaminoglycans in the aortic
tissue, although non-significant. In addition, the LZR-WB and OZR-WB groups tended
to have less medial width, and a lower percentage of glycosaminoglycans compared to
the LZR-C and the OZR-C respectively.
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5.1. The effect of wild blueberry consumption on total hepatic lipid and triglyceride
content in the Zucker rat
This study has documented the morphological and biochemical effects of how consuming
a diet enriched with wild blueberries for 8-weeks influences the hepatic lipid content in
lean and obese Zucker rats.
Previous studies support the OZR as an appropriate model for the MetS as the rodent
shares similar physiological characteristics found in humans (Ahima, 2011; Aleixandre
de Artinano et al., 2009; Frisbee et al., 2006; Scott M. Grundy, 2011), such as obesity
(Aleixandre de Artinano et al., 2009), hepatic steatosis (Serkova et al., 2006),
hyperlipidemia (Tofovic et al., 2003), as well as increased systolic pressure, insulin
resistance, as well as mild hyperglycemia and hyperinsulinemia (Aleixandre de Artinano
et al., 2009; Kucera et al., 2014). In the present study, significant morphological
differences were found between the obese and lean Zucker rats, however, the effect of
diet produced non-significant results.
Hepatic Triglyceride Concentration: Hypertriglyceridemia is associated with NAFLD
and the MetS in human subjects (Marchesini et al., 2001) as well as in the OZR (T. F.
Zucker et al., 1962). In the current study, results indicate a significantly greater
concentration of hepatic TG in the OZR-C compared to the LZR-C independent of diet as
seen in Figure 12 and Table 2.
These concentrations are found at similar levels in the livers of OZR and LZR groups
from other studies (Raju et al., 2006) (Jasinski et al., 2013). Other studies
(Vendrame,Daugherty, et al., 2014) (Noratto et al., 2015) have found a significant
increase in serum TG in the OZR-C compared to the LZR-C group.
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To the authors knowledge, there are currently no studies assessing the effect of a WB diet
on hepatic triglycerides in the OZR compared to the LZR. Results from the current study
found no significant differences in hepatic TG concentration between the OZR-WB and
the OZR-C groups. Comparatively, obese Zucker rats consuming a diet containing antioxidant rich resveratrol displayed a significant reduction in hepatic TG concentration
compared to the OZR-C group (Rivera et al., 2009). Similar to Rivera et al, scientists
from another study (Elks et al., 2015) observed that obese female mice consuming a high
fat diet enriched with 4% w/w wild blueberry powder displayed a significant reduction in
total hepatic triglyceride content compared to the obese control group. After assessing
serum TG content, obese Zucker rats consuming a wild blueberry enriched diet (Seymour
et al., 2011; Vendrame,Daugherty, et al., 2014), obese-induced male Sprague-Dawley
rats consuming a diet enriched with 3% blueberry leaf extract (Yuji et al., 2013) as well
as obese-induced male Sprague-Dawley rats consuming a high-fat diet with blueberry
juice and Bifidobacterium (Ren et al., 2014) displayed a significant reduction in serum
triglycerides compared to the obese control groups. Since the current results between the
OZR-WB and OZR-C were not congruent with previous studies as referenced, one
explanation could be due to sample size. Limitations in sample size of the current study
may have not captured the true range of hepatic TG content leading to non-significant
differences. Other factors which may have contributed the discrepancy may have been
due to the variables encountered while performing the TG assay.
In the current study, there were no significant differences between the LZR-WB and
LZR-C groups. Compared to the LZR-C group, there were no differences in hepatic TG
content when Lean Zucker rats consumed a diet enriched with resveratrol (Rivera et al.,
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2009). Additionally, a previous study in our lab (Vendrame,Daugherty, et al., 2014)
found no significant differences in serum TG levels when comparing the LZR-WB to the
LZR-C group which confirms the results from the current study.
Histological analysis of the percentage of total hepatic lipid content utilizing image
analysis and histopathological analysis of the H&E stain (C. Daubioul et al., 2002;
Kleiner et al., 2005; Nativ et al., 2014) as well as image analysis of the ORO stain
(Levene et al., 2010) are common methods for assessing total fat and morphological
features in the liver. To the author’s knowledge, there are currently no studies that
evaluated the morphology of hepatic parenchymal cells in OZR and LZR after wild
blueberry consumption in terms of evaluating total percentage of fat utilizing image
analysis of the H&E stain, ORO stain and histopathological analysis.
Total hepatic lipid content as assessed by Oil Red O: Histological analysis utilizing the
ORO stain and image analysis indicated a significantly greater percentage of total hepatic
lipid in the OZR-C compared to the LZR-C as seen in Figure 14 and Table 3. One study
evaluated the differences in hepatic lipid content between lean and obese Zucker rats and
found a significant increase in the OZR after staining with Oil Red O which was later
confirmed after a hepatic TG assay (Cipriani et al., 2010) in concordance to the current
study.
In the current study there were no significant differences between the OZR-WB and the
OZR-C groups, however there appeared to be a trend for a decrease in the percentage of
total hepatic lipid content in OZR-WB compared to the OZR-C group. In one study (A.
R. Tovar et al., 2005) scientists fed obese Zucker rats soy protein, which contains a
subgroup of flavonoids called isoflavones, and found that liver tissue stained with ORO
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displayed a lesser degree of fat depots compared to the casein fed control OZR group;
this study indicates that flavonoids, which are also present in wild blueberries, have the
potential to attenuate lipogenesis. Although the current study did not find significant
differences from the diet, the results suggested that there was a trend for a decrease in the
percentage of hepatic lipid content in the OZR-WB group compared to the OZR-C group
in accordance the literature. The ORO stain is indicative of TG content and appears to be
most effective confirming the presence of fat content in the liver. Since the percentages
of hepatic lipid content utilizing the ORO and H&E stains produced non-significant
results, there may have been factors that influenced the outcomes such as issues with a
smaller sample size, hepatic artifacts, damage to the tissue from storage or from
processing, the staining technique itself, quality of the images captured, as well as
potential errors in writing the algorithm with ImageJ used to process the tissue images.
In the current study there were no significant differences in the percentage of TG content
between the LZR-WB and the LZR-C groups. Studies (T. H. Huang et al., 2006) reported
that no differences in hepatic lipid content were observed between the LZR experimental
group fed anti-obesogenic Salacia oblonga root compared to the LZR-C group after the
ORO stain had been applied to liver tissue and image analysis estimated the percentage of
fatty droplet area (TG content). Although the Salacia species is not a berry, the root is
known to exhibit antioxidant effects (T. H. Huang et al., 2006). The results from the
literature and the current study support the idea that lean rodents are able to maintain a
level of hepatic lipid homeostasis regardless of treatment after consuming a naturally
occurring substance rich in antioxidants.
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Total hepatic lipid content as assessed by Hematoxylin and Eosin: In the current
study, both image analysis (Figure 16 and Table 4) and histopathological analysis
(Figure 17 and Table 5) found a significant increase in the percentage of total hepatic
lipid content in the OZR-C compared to the LZR-C group. One study confirmed hepatic
steatosis in the obese Zucker rat with significantly greater levels of total fatty acid and
hepatic TG compared to the LZR (Serkova et al., 2006). Results from another study
(Wojcik et al., 2016) found that there was a significant increase in steatosis rating in the
OZR compared to the LZR group consuming both normal and high-casein diets.
No significant differences between the OZR-WB and OZR-C groups were observed after
assessing the percentage of total hepatic lipid content with image analysis and
histopathological analysis. The previously mentioned study (Wojcik et al., 2016) also
found that the OZR consuming a high soy diet, which is rich in polyphenols (Pratt et al.,
1979), significantly decreased the steatosis rating compared to the high-casein diet
indicating a potential effect due to diet and its antioxidant properties from polyphenols.
Although not reported as significant, a histopathological assessment of the H&E stain on
hepatic lipid concentration by two pathologists (Gomez-Zorita et al., 2012) found that the
OZR group consuming a diet enriched with resveratrol reported less hepatic lipid
accumulation compared to the OZR-C group based upon a point scale system. Tissue
quality, the process of capturing images, and applying an algorithm specific enough to
capture all lipid vacuoles may have been factors for the observed results of this study.
Also, bias from researchers may be a factor during histological assessment of the tissue.
Results from the current study did not observe any significant differences in lipid content
between the LZR-WB and the LZR-C group. One study (El-Rashedy et al., 2011)
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confirmed the results from the current study in which scientists did not find significant
differences in hepatic fat content between lean Zucker rats fed anthocyanin-rich
pomegranate extract and the LZR-C group after analyzing H&E stained tissue.
5.2. The effect of wild blueberry consumption on hepatic glycogen content in the
Zucker rat
This section of the study has documented the morphological effects of how an 8-week
consumption of a diet enriched with wild blueberries influences the percentage of hepatic
glycogen content in the LZR group as well as the OZR group, a model of the MetS.
Impaired fasting glucose (IFG) is one of the primary features seen in the metabolic
syndrome (Ma et al., 2013) and is strongly associated with NAFLD as IFG advances
toward insulin resistance (Samuel et al., 2016). Insulin resistance occurs due to
chronically IFG when a surplus of energy is consumed causing ectopic lipid
accumulation in the muscles and organs, such as the liver, resulting in the expression of
de novo lipogenesis and hyperlipidemia (Samuel et al., 2016).
Results from the current study indicate a significantly greater percentage of hepatic
glycogen content in the OZR-C compared to LZR-C groups (Figure 19 and Table 6). The
results from the current study are also historically supported (Triscari et al., 1979) when
comparing the lean to obese Zucker rats. Triscari and colleagues (Triscari et al., 1979)
found that phosphoenolpyruvate carboxykinase (PEPCK) activity, a rate-controlling
substrate that acts as a catalyzer in gluconeogenesis, was in part responsible for the
production of excess glycogen stores in the OZR compared to the LZR which may
explain the significant differences observed.
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The current study did not observe any significant differences between the OZR-WB
group and the OZR-C group. A prior study in our lab (Vendrame et al., 2015) found a
significant down-regulation of resistin, a hormone located in the liver which both
increases glucose production and release into the blood stream (thus promoting insulin
resistance) as well as a decrease in plasma HbA1c and plasma glucose in the OZR-WB
compared to the OZR-C group. Although Vendrame et al (Vendrame et al., 2015) did not
specify the effects on hepatic glycogen content directly, it suggests improved glucose
control and a decrease in hepatic glucose release. Others have documented (Adeyemi et
al., 2014) that diabetic Wistar rats consuming anthocyanin-rich Hibiscus extract
displayed a decrease in hepatic glycogen stores toward normal values compared to the
diabetic control group in tissue samples stained with PAS; this appears to signify that
insulin resistance in diabetes may be a contributing factor toward the decrease in hepatic
glycogen stores. The current study did not find significant differences between the OZRWB and the OZR-C groups, however, the literature appears to suggest that anthocyanins,
which are present in wild blueberries, have the potential to improve glycogen stores as
well as serum glucose control. Factors which may have contributed to the non-significant
results portrayed in this current study could be due to the tissue quality and preservation
techniques, method of capturing images, PAS staining technique, and application of the
ImageJ algorithm. Staining with PAS portrays glycogen content as an intense magenta
color which may have been underrepresented due to the algorithm written to process all
of the images in one batch. The PAS stain is also somewhat difficult to interpret when
other tissue components are stained a lighter pink color. Defining the intensity of colors
between the pink tissue and magenta glycogen may have been misrepresented in some
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tissue slides. This could have been due to the brightness of lighting used while capturing
images with the microscope as well as through the processes of evaluating the intensity of
various colors through image analysis.
The current study did not find significant differences in glycogen content between the
LZR-WB and the LZR-C groups. This appears to be congruent with a past study
(Popovic et al., 2016) in which scientists discovered that there were no significant
differences in glycogen content between lean Wistar rats consuming anthocyanin-rich
bilberry extract and lean control rats after assessing the hepatic PAS stain (score) as well
as the concentration of glycogen in hepatic tissue.
5.3. The effect of wild blueberry consumption on the aortic morphology in the
Zucker rat
This section of the study documents the morphological effects in the aorta after the
consumption of a wild blueberry diet in lean and obese Zucker rats. Four experiments
were performed to evaluate the potential presence of aortic fibrosis and hyperplasia of
smooth muscle cells. Vascular dysfunction and oxidative stress are associated with the
MetS (Giugliano et al., 2006) which is characterized specifically by endothelial
dysfunction in obese rats (El-Bassossy et al., 2014; Justo et al., 2013;
Vendrame,Daugherty, et al., 2014), as well as a general pro-thrombotic state and
atherosclerotic disease (Teran-Garcia et al., 2007). Previous studies in our lab suggest
that obese Zucker rats (Vendrame,Kristo, et al., 2014) consuming a wild blueberry
enriched diet displayed improvements in endothelial function.
Aortic collagen and connective tissue as assessed by Sirius Red: Studies show that in
normal to overweight women who consume a higher intake of anthocyanins and
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flavonoids mainly from wine and berries, a significant decrease arterial stiffness and
thickening are observed (Jennings et al., 2012) suggesting an anti-atherogenic, antihypertensive, and cardio-protective role of anthocyanins on the elasticity of the aorta.
Results from the current study did not find significant differences in the percentage of
collagenous tissue in the tunica media between OZR-C and LZR-C groups (Figure 21 and
Table 7). A past study reported that obese Zucker rats displayed greater levels of aortic
hyperplasia as evidenced by an increase of intimal:medial thickness ratio compared to
lean rodents at baseline levels (Orozco et al., 2012) suggesting the development of
elastins and collagenous fibers in response to the stress from obesity and the Mets. Obese
Zucker rats were found to have twice the amount of fibrocellular lesions in the aorta
compared to the LZR indicating a fibrotic response to stress, however the ratios of
cellular to extracellular material, consisting of collagenous fibers and elastin, were
similar between the OZR and LZR groups (Haudenschild et al., 1981). The same study
(Haudenschild et al., 1981) did not find any statistically significant differences in the
intimal or medial thickness nor in fibrocellular material between diabetic, obese Wistar
rats compared to the leaner Wistar rats (Haudenschild et al., 1981). Finally, scientists
(Wolinsky, 1970) found significantly elevated absolute weights of collagen and elastin as
well as greater aortic diameters in hypertensive, overweight/obese Carworth rats
compared to lean, normotensive rodents. It is apparent that there are conflicting results
amongst the literature as well as the current results depending on diet, the rodent type as
well as the environment they are exposed to. The literature appears to suggest the
presence of a compensatory increase from collagenous materials in response to vascular
stress. However, one factor which may have contributed to non-significant findings in the
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current study was a smaller sample size as well as the location in which the aortic ring
was sampled from. Other contributing factors is the duration of time it takes for
collagenous materials of form in the aorta as well as the “second hit theory” which is
thought to stimulate aggressive fibrosis in tissue.
In the current study there were no statistically significant differences between the
percentage of collagen and connective tissue content in the aortas of the OZR-WB group
compared to the OZR-C group. Obese and diabetic Wistar rodents consuming
pholyphenol-rich green tea extract, mainly known to be in the form of catechins which
are also extracted in monomeric forms from wild berries in the Vaccinium family
(Maatta-Riihinen et al., 2005), displayed a significant decrease in collagen content,
collagenous cross-linking, as well as systolic blood pressure, compared to obese and
diabetic Wistar control rodents (Babu et al., 2006). Scientists observed that diabetic
Sprague-Dawley rats treated with antioxidant-rich resveratrol displayed a significant
decrease in total collagen content in the aorta compared to diabetic control rats (Jing et
al., 2010). Literature suggests the antioxidants promote the improvement of collagenous
content in the aorta by preventing or slowing collagen synthesis, however the current
study did not produce similar results. The literature presented administered extracts to the
rodents which are highly concentrated forms of antioxidants. Since the current study
provided whole wild blueberries rather than extracts, the results may have not produced
similar findings. There may also be the potential for error when capturing tissue images
due to microscope lighting adjustments or lighting techniques. Applying the correct
image analysis algorithm that can process all images at once to detect collagen
consistently may have also caused results dissimilar from the literature.
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The results from the current study did not find significant differences in the percent of
collagen in the aorta between the LZR-WB and the LZR-C groups. Compared to a group
of lean Wistar control rodents, a group of lean Wistar rodents that consumed green tea
extract did not display any significant differences between aortic collagen content (Babu
et al., 2006). It appears that lean control rodents compared to treatment rodents may be
stable and healthy enough to produce similar results regardless of treatment.
Aortic width as assessed by Sirius Red: Increased levels of intima-media thickness in
the aorta has been associated with low levels of plasma antioxidants, higher levels of
inflammatory factors, as well as greater levels of clotting factors, such as fibrinogen
(Riccioni et al., 2009). Increases in intima-medial thickness is also positively associated
with increasing levels of glycaemia in human subjects (Thomas et al., 2004). Observing
structural changes in the aorta may serve to evaluate the short and long-term effects of
antioxidant-rich wild blueberries as well as the deleterious effects from components of
the MetS.
The current study did not detect statistically significant differences between the OZR-C
and LZR-C medial thicknesses (Figure 22 and Table 8). Although non-significant, there
was a trend for the average medial thickness in the OZR-C to be greater than the medial
thickness in the LZR-C group. These findings are similar to the results found in Orozco et
al (Orozco et al., 2012) in which the aortic thickness in OZR group was greater than those
observed in the LZR groups at two weeks (baseline) and four weeks after aortic injury.
Finally, in obese Zucker rats, the interior diameters of the aortas were both smaller than
those of lean rats after a blood flow test (Bouvet et al., 2007). Scientists from the same
study (Bouvet et al., 2007) also found that the arteries in the OZR had greater surface
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areas compared to those found in the LZR; both results from the OZR group suggest the
thickening of the aorta due to obesity and the MetS.
Results from the current study did not observe significant differences between the OZRWB and OZR-C groups. Although non-significant, the OZR-C group had an overall
greater increase in medial thickness compared to the OZR-WB. Male Sprague-Dawley
rats consuming a chow diet supplemented with quercetin, a dark colored pigment also
present in blueberries, resulted in significantly lower medial thickness and carotid
systolic blood pressure compared to rodents consuming a normal chow diet after both
groups were subjected to an abdominal aortic constriction (Carlstrom et al., 2007); these
results indicate antioxidant activity may have played a role in the prevention of medial
thickening and hypertension. A clinical study (Aviram et al., 2004) with overweight
subjects who had severe carotid artery stenosis found that those who did not consume
polyphenolic antioxidant-rich pomegranate juice, which contains anthocyanins, displayed
significant increases in intima-media thickness suggesting both the morphological and
biochemical benefits of polyphenolic consumption. Although the results of this current
study did not display significant differences, there was a trend for the OZR-WB and
LZR-WB groups to have less medial thickness compared to controls which appears to
align with the literature presented for both rodents and human subjects. The nonsignificant differences may be due to a low sample size and sample processing.
Additionally, since a digital measuring tool was used to assess the randomized images,
the measurements still required the precision of the scientist to assess the thickness
without including the tunica intima and the tunica adventitia which contains bias.

76

Including the morphology of the intima and the adventitia would increase the average
thickness for each group yielding inaccurate results.
The current results indicate no significant differences in medial thickness in LZR-WB
compared to LZR-C groups. The LZR-C group did however have a non-significant
increase in medial thickness compare to the LZR-WB group. There was no difference
between lean and obese Zucker rats regarding the surface area of the tunica media after
exposure to aortic injury (Haudenschild et al., 1981) which continues to suggest there
may be no notable differences between lean rodents.
Aortic nuclei as assessed by Hematoxylin and Eosin: The tunica medial layer of the
aorta contains layers of smooth muscle cells, elastic laminae surrounded by microfibrils,
as well as collagen fibers all of which enable aortic contraction and ensure proper
elasticity and stiffness to buffer blood flow circulating toward peripheral tissues (Karimi
et al., 2016).
The current study did not observe statistically significant differences in the number of
nuclei between the OZR-C and the LZR-C groups (Figure 24 and Table 9). The OZR-C
group did however display a trend for a greater average number of nuclei compared to the
LZR-C group, although non-significant. One study found that in spontaneously
hypertensive (SH) rats of the Okamoto strain, the volume of nuclei significantly
decreased with age more so than compared to the control Wistar-Kyoto (WK) rats while
medial thickness increased by 150% in the SH rats and by 87% in WK rats (Olivetti et
al., 1982). This indicated there was a decrease in nuclei and subsequent increase in
medial thickening as hypertension progressed over time suggesting that if the current
experiment was studied for a longer duration of time, similar findings may be produced.
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One study (Owens et al., 1981) found that SH rats contained a greater smooth muscle cell
DNA/aortic length compared to normotensive Wistar-Kyoto and Sprague-Dawley rats,
although the number of smooth muscle cells per length did not display differences
between the rodents suggesting that hypertension, as seen in the MetS, may cause
hypertrophy and hyperplasia of smooth muscle cells. The process of counting nuclei may
have been hindered due to adequate visualization of the nuclei in the aortic tissue. Factors
which may have contributed to the current results include how the tissue was sliced, the
final quality of the stain, the process of capturing images, and evaluating the number of
nuclei. Some of the aortic tissue contained nuclei that were well visible and sufficient
enough to include in the count. On the other hand, some of the aortic tissues contained
artifacts and displayed nuclei that appeared to be sliced at a different angle resulting in
small, dot-like nuclei rather than longitudinal or oval-shaped nuclei. Also the visibility of
the nuclei was sometimes diminished due to the smooth muscle tissue covering the nuclei
resulting in translucent cells which may have not been included in the final average.
Although randomized, the location in which the nuclei cells were located and sampled
from in the aorta may have also contributed to the current results.
The current study did not observe significant differences between the number of nuclei
between the OZR-WB and the OZR-C groups. Studies using cell cultures of rat aorta
(Chang et al., 2008) found that rat aortic smooth muscle cells incubated with oxidized
LDL-C displayed an increase in smooth muscle cell proliferation (S-phase) and was
reduced when ellagic acid, a phenolic compound present in blueberries, was added to the
medium. Another study (Park et al., 2010) found that proliferation of rat aortic smooth
muscle cells stimulated by platelet-derived growth factor-BB was reduced after cells
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were subjected to pterostilbene, a (natural) dimethylated analog of resveratrol. The results
appear to suggest that, under atherogenic conditions commonly associated with the MetS,
antioxidant rich compounds have the potential to attenuate smooth muscle cell
proliferation, and therefore, number of smooth cell nuclei. Due to the small sample size
the results from the study may not display the true average of nuclei in the tissue. Since
the number of nuclei was determined by counting the cells, bias from the researcher may
have contributed to the current results.
The current study did not observe statistically significant differences in the number of
nuclei between the LZR-WB and the LZR-C groups. One explanation for the results of
the current study are that, since both groups of rodents were lean, assumingly healthy,
and consuming a similar isocaloric diet, both rodent groups may have been
physiologically stable enough to maintain normalized smooth muscle cells and
antioxidant status therefore resulting in non-proliferative smooth muscle cells.
Aortic glycosaminoglycans as assessed by Alcian Blue: The three main components of
atherosclerosis are proliferation of smooth muscle cells, synthesis of connective tissue,
such as GAG and collagen, and deposition of extracellular and intracellular lipids
(Campbell et al., 1985). Glycosaminoglycans, which are linear polysaccharides, play an
important role in vascular function through cellular proliferation, adhesion and migration
(Kalea et al., 2006) and also play a role in arterial wall dysregulation, especially through
the binding of LDL-C resulting in aortic lesions and atherosclerosis (A. M. Tovar et al.,
1998). There appears to be a positive association between the increasing length and GAG
sulfation to the binding of LDL-C to proteoglycans resulting in the enhancement of
intimal thickening and atherosclerosis development due to prolonged binding (Tannock et
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al., 2008). Proliferating vascular smooth muscle cells appear to increase GAG size and
sulfation resulting in increased binding of LDL-C (Camejo et al., 1993).
To the author’s knowledge, there are currently no studies which have investigated the
concentration of GAG in the aorta of the Zucker rat utilizing the Alcian Blue stain and
image analysis.
Results from the current study indicate no statistically significant differences of the
percentage of GAG between the OZR-C and LZR-C groups (Figure 26 and Table 10).
However, the average percentage of aortic GAG in the OZR-C group was (nonsignificantly) greater than in the LZR-C group. To the author’s knowledge there are
currently no direct studies exploring aortic glycosaminoglycans in the OZR. However, in
one study (Ihara et al., 2005), the aortas of obese Zucker rats displayed significant
increases in both C-mannosylation, a c-glycosylation molecule, as well as
thrombospodin-1 (TSP-1), a multimeric glycoprotein, compared to LZR indicating an
increase in glycosylation in response to a hyperglycemic environment. TSP-1 is
associated with glycosaminoglycan binding and has been shown to be up-regulated
during inflammation, in endothelial cells during the response to healing, and in
atherosclerotic lesions (Adams, 2001). C-glycosylation (and O-glycosylation) have been
linked to the interaction between TSP-1 and GAG (Hofsteenge et al., 2001). Another
study (Ichida et al., 1968) found that lean Sprague-Dawley rats (SDR) displayed similar
levels of sulfated GAG as in diabetes-induced SDR, although diabetic rats tended to have
greater levels of non-sulfated hyaluronic acid (HA) in the aorta as they aged.
Results from the current study indicate no significant differences between the OZR-WB
and the OZR-C groups nor were there differences between the LZR-WB and the LZR-C
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groups. Although non-significant, the OZR-WB group appeared to have less total
percentage of GAG compared to the OZR-C group while both the LZR-WB and the
LZR-C groups remained the same. A study from our lab (Kristo et al., 2012) found that
spontaneous hypertensive rats (SHR) consuming a WB diet displayed a reduction in
atherogenic galactosaminoglycans disaccharides (GalAG) along with an increase in antiatherogenic hyaluronic acid (HA) and heparan sulfate (HS); both HS and HA appear to
promote nitric oxide synthesis and inhibit SMC proliferation. The SHR has been known
to contain greater levels of chondroitin sulfate contributing to elevated
glycosaminoglycan levels. In the current study, it cannot be determined if the slight, nonsignificant decrease in levels of GAG are of benefit. Since this study did not use a
specific biochemical of morphological assay to identify the potential state of flux for
GAG subcategories, such as evaluating for HS and HA, this factor creates great difficulty
in determining the benefits of blueberries based upon GAG imagery alone. Another study
from our lab (Kalea et al., 2006) found that Sprague-Dawley rats who reached an obese
state and fed an 8% w/w WB enriched diet displayed a significant decrease in overlysulfated GAG as well as a significant increase in non-sulfated disaccharide chains of
galactosaminoglcyans (GalAG) concentrations in the aorta compared to the obese control
group indicating anti-atherogenic effects. The current alcian blue stain may only be
useful to determine the total presence of GAG in the aortic tissue rather than the quality
of the GAG. As the literature reported, the degree of sulfation of GAG appears to play an
imperative role in determining the atherogenic or antiatherogenic properties of the aorta
at any given moment. The current study cannot conclude if the WB diet provided

81

beneficial effects due to the indiscriminant nature of the stain for all GAG and its
inability to determine sulfated from non-sulfated GAG.
5.4. Recommendations for future research
The current study evaluated the morphological and biochemical effects of an 8-week, 8%
w/w wild blueberry diet in obese Zucker rats, a model of the metabolic syndrome. The
obese rodents begin to develop symptoms of the MetS at an early age and quickly
progress toward an obese state while exhibiting adverse effects both morphologically and
biochemically. Studying the effects of a WB diet in the rodents has provided greater
insight for human health, specifically in the aorta and liver, in relation to disease
pathogenesis of the MetS.
To achieve greater insight and deeper understanding of morphological and biochemical
changes that occur after consuming a wild blueberry diet in the MetS model, it is
important to study the OZR using different techniques to assess the disease progression.
This study found subtle morphological changes between the OZR-WB and OZR-C
groups resulting in non-significant differences. A future study could include different
increments in time to assess the baseline characteristics, after 8-weeks, 16-weeks, and
additional time periods if desired to assess the changes over a duration of time. This
approach would further characterize when morphological changes occur in the Zucker rat
and map the lifespan of the rodent from a young to older age. Studying this area is
especially important as society is now seeing a greater proportion of younger and older
people with the MetS which may impact both developmental and ill health-related
decline.
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Since morphological characteristics do not always agree with biochemical assays, such as
comparing the ORO stain to the hepatic TG assay, each image analysis test should be
paired with a biochemical evaluation. Including a glycogen assay to compliment image
analysis would further prove or disprove the visual findings. Testing for specific
glycosaminoglycans from an assay kit in combination with the Alcian Blue stain with
image analysis would provide both a visual of the physical morphology as well as a
biochemical representation for the ratio pro- and anti-atherogenic GAG molecules.
Future studies on the morphology of liver and aorta tissues may benefit from using
whole-slide imaging techniques. The whole-slide imaging has the capability to scan
entire images providing a larger, more visually uniform, surface area to evaluate. This
method may decrease the time and energy required compared to traditional methods of
capturing pictures from single points on the tissue as well as decrease the chance of
capturing images that overlap. ImageJ is an excellent tool used by thousands of scientists
to evaluate tissue and cells. For more advanced research projects, utilizing an image
analysis program with greater processing capabilities in conjunction with whole-slide
scanning technology will enable the user to customize and seek unique traits of the tissue
which are otherwise more difficult to do with simpler programs.
As for the histopathological assessment of the tissue, utilizing a scaling system which
incorporates greater detail, such as defining lipid droplets as micro or macrovesicular
steatosis or assessing for abnormalities in tissue development, may also further
characterize the pathogenesis of the MetS in the OZR. A larger panel of pathologists will
also be required to diminish any bias and increase the confidence and strength of the
results.

83

5.5. Significance
Approximately 20-25% of Americans have the metabolic syndrome (Association, 2012),
a serious health concern to the U.S. population. The MetS is a cluster of symptoms,
including as obesity, hyperglycemia & insulin resistance, hypertension, dyslipidemia with
low HDL-C, high sdLDL-C, and is often manifested over years of poor nutritional care.
Antioxidant rich foods, such as wild blueberries, may decrease the risk of acquiring the
MetS, prevent cardiovascular disease, and provide a natural treatment for patients who
currently have the MetS. Studies have revealed how healthcare expenses in patients with
the MetS are higher than healthy patients and are expected to increase in the future
(Boudreau et al., 2009; Scott M. Grundy, 2011). Consuming wild blueberries may be
used as an alternative to expensive pharmaceutical treatment and offer an inexpensive
alternative to disease prevention.
For the first time, this project has explored the effects of wild Maine blueberries on
morphological and biochemical properties in hepatic and aortic tissues of the Zucker rat.
In addition, due to the robust nutraceutical value of wild blueberries, such as the phenolic
content, antioxidant capability, as well as vitamin and mineral composition, future studies
with a larger sample size and longer duration may influence the morphology of hepatic
and aortic tissue. These results can be used to further characterize the morphology of
obese Zucker rat as well as contribute to the current understanding of beneficial health
effects from wild blueberries, such as advancing the field of complementary alternative
medicine (CAM) and treatment for chronically ill patients with MetS.

84

BIBLIOGRAPHY
ADA, A. D. A. (2014). National Diabetes Statistics Report, 2014. Estimates of diabetes
and its burden in the epidemiologic estimation methods. Natl Diabetes Stat Rep, 20092012.
Adams, J. C. (2001). Thrombospondins: multifunctional regulators of cell interactions.
Annu Rev Cell Dev Biol, 17, 25-51. doi: 10.1146/annurev.cellbio.17.1.25
Adeyemi, D. O., Ukwenya, V. O., Obuotor, E. M., & Adewole, S. O. (2014). Antihepatotoxic activities of Hibiscus sabdariffa L. in animal model of streptozotocin
diabetes-induced liver damage. BMC Complement Altern Med, 14, 277. doi:
10.1186/1472-6882-14-277
Aguilar, M., Bhuket, T., Torres, S., Liu, B., & Wong, R. J. (2015). Prevalence of the
metabolic syndrome in the United States, 2003-2012. JAMA, 313(19), 1973-1974. doi:
10.1001/jama.2015.4260
Ahima, R. S. (2011). Metabolic Basis of Obesity doi:0.1007/978-1-4419-1607-5
Aleixandre de Artinano, A., & Miguel Castro, M. (2009). Experimental rat models to
study the metabolic syndrome. Br J Nutr, 102(9), 1246-1253. doi:
10.1017/S0007114509990729
Allen, R. G., & Tresini, M. (2000). Oxidative stress and gene regulation. Free Radic Biol
Med, 28(3), 463-499.
American Diabetes, A. (2013). Economic costs of diabetes in the U.S. in 2012. Diabetes
Care, 36(4), 1033-1046. doi: 10.2337/dc12-2625
American Diabetes, A. (2015). (2) Classification and diagnosis of diabetes. Diabetes
Care, 38 Suppl, S8-S16. doi: 10.2337/dc15-S005
Anzai, K., Fukagawa, K., Iwakiri, R., Fujimoto, K., Akashi, K., & Tso, P. (2009).
Increased lipid absorption and transport in the small intestine of zucker obese rats. J Clin
Biochem Nutr, 45(1), 82-85.
Armoni, M., Harel, C., & Karnieli, E. (2007). Transcriptional regulation of the GLUT4
gene: from PPAR-gamma and FOXO1 to FFA and inflammation. Trends Endocrinol
Metab, 18(3), 100-107. doi: 10.1016/j.tem.2007.02.001
Arsenault, B. J., Lemieux, I., Despres, J. P., Wareham, N. J., Kastelein, J. J., Khaw, K.
T., & Boekholdt, S. M. (2010). The hypertriglyceridemic-waist phenotype and the risk of
coronary artery disease: results from the EPIC-Norfolk prospective population study.
CMAJ, 182(13), 1427-1432. doi: 10.1503/cmaj.091276

85

Association, A. H. (2012). What is Metabolic Syndrome? , from
http://www.heart.org/idc/groups/heartpublic/@wcm/@hcm/documents/downloadable/ucm_300322.pdf
Augstein, P., & Salzsieder, E. (2009). Morphology of pancreatic islets: a time course of
pre-diabetes in Zucker fatty rats. Methods Mol Biol, 560, 159-189. doi: 10.1007/978-159745-448-3_12
Aviram, M., Rosenblat, M., Gaitini, D., Nitecki, S., Hoffman, A., Dornfeld, L., Volkova,
N., Presser, D., Attias, J., Liker, H., & Hayek, T. (2004). Pomegranate juice consumption
for 3 years by patients with carotid artery stenosis reduces common carotid intima-media
thickness, blood pressure and LDL oxidation. Clin Nutr, 23(3), 423-433. doi:
10.1016/j.clnu.2003.10.002
Azain, M. J., Fukuda, N., Chao, F., Yamamoto, M., & Ontko, J. (1985). Contributions of
fatty acid and sterol synthesis to triglyceride and cholesterol secretion by the perfused rat
liver in genetic hyperlipemia and obesity. Journal of Biological Chemistry, 260(1), 174181.
Babu, P. V., Sabitha, K. E., & Shyamaladevi, C. S. (2006). Therapeutic effect of green
tea extract on advanced glycation and cross-linking of collagen in the aorta of
streptozotocin diabetic rats. Clin Exp Pharmacol Physiol, 33(4), 351-357. doi:
10.1111/j.1440-1681.2006.04374.x
Bansal, M., Kaushal, N., & SpringerLink (Online service). (Oxidative Stress Mechanisms
and their Modulation (pp. XVIII, 167 p. 125 illus., 164 illus. in color). Retrieved from
http://dx.doi.org/10.1007/978-81-322-2032-9
Barker, D. J., Hales, C. N., Fall, C. H., Osmond, C., Phipps, K., & Clark, P. M. (1993).
Type 2 (non-insulin-dependent) diabetes mellitus, hypertension and hyperlipidaemia
(syndrome X): relation to reduced fetal growth. Diabetologia, 36(1), 62-67.
Basu, A., & Lyons, T. J. (2012). Strawberries, blueberries, and cranberries in the
metabolic syndrome: clinical perspectives. J Agric Food Chem, 60(23), 5687-5692. doi:
10.1021/jf203488k
Beck-Nielsen, H. (2013). The Metabolic Syndrome: Pharmacology and Clinical Aspects
(Vol. 1st): Springer-Verlag.
Beck, B., Richy, S., & Stricker-Krongrad, A. (2004). Feeding response to ghrelin agonist
and antagonist in lean and obese Zucker rats. Life Sci, 76(4), 473-478. doi:
10.1016/j.lfs.2004.09.001
Belin de Chantemele, E. J., Vessieres, E., Guihot, A. L., Toutain, B., Maquignau, M.,
Loufrani, L., & Henrion, D. (2009). Type 2 diabetes severely impairs structural and
functional adaptation of rat resistance arteries to chronic changes in blood flow.
Cardiovasc Res, 81(4), 788-796. doi: 10.1093/cvr/cvn334
86

Boudreau, D. M., Malone, D. C., Raebel, M. A., Fishman, P. A., Nichols, G. A.,
Feldstein, A. C., Boscoe, A. N., Ben-Joseph, R. H., Magid, D. J., & Okamoto, L. J.
(2009). Health care utilization and costs by metabolic syndrome risk factors. Metab Syndr
Relat Disord, 7(4), 305-314. doi: 10.1089/met.2008.0070
Bouvet, C., Belin de Chantemele, E., Guihot, A. L., Vessieres, E., Bocquet, A., Dumont,
O., Jardel, A., Loufrani, L., Moreau, P., & Henrion, D. (2007). Flow-induced remodeling
in resistance arteries from obese Zucker rats is associated with endothelial dysfunction.
Hypertension, 50(1), 248-254. doi: 10.1161/HYPERTENSIONAHA.107.088716
Camejo, G., Fager, G., Rosengren, B., Hurt-Camejo, E., & Bondjers, G. (1993). Binding
of low density lipoproteins by proteoglycans synthesized by proliferating and quiescent
human arterial smooth muscle cells. J Biol Chem, 268(19), 14131-14137.
Campbell, G. R., & Campbell, J. H. (1985). Smooth muscle phenotypic changes in
arterial wall homeostasis: implications for the pathogenesis of atherosclerosis. Exp Mol
Pathol, 42(2), 139-162.
Carlstrom, J., Symons, J. D., Wu, T. C., Bruno, R. S., Litwin, S. E., & Jalili, T. (2007). A
quercetin supplemented diet does not prevent cardiovascular complications in
spontaneously hypertensive rats. J Nutr, 137(3), 628-633.
Cawley, J., & Meyerhoefer, C. (2012). The medical care costs of obesity: an instrumental
variables approach. J Health Econ, 31(1), 219-230. doi: 10.1016/j.jhealeco.2011.10.003
Chang, W. C., Yu, Y. M., Chiang, S. Y., & Tseng, C. Y. (2008). Ellagic acid suppresses
oxidised low-density lipoprotein-induced aortic smooth muscle cell proliferation: studies
on the activation of extracellular signal-regulated kinase 1/2 and proliferating cell nuclear
antigen expression. Br J Nutr, 99(4), 709-714. doi: 10.1017/S0007114507831734
Cheng, A., Yan, H., Han, C., Wang, W., Tian, Y., & Chen, X. (2014). Polyphenols from
blueberries modulate inflammation cytokines in LPS-induced RAW264.7 macrophages.
Int J Biol Macromol, 69, 382-387. doi: 10.1016/j.ijbiomac.2014.05.071
China, C. (2015). Chlorogenic Acid Maintains Glucose Homeostasis through Modulating
the Expression of SGLT-1, GLUT-2, and PLG in Different Intestinal Segment s of
Sprague-Dawley Rats Fed a High-Fat Diet PENG Bing Jie, ZHU Qi, ZHONG Ying Li,
XU Shi Hao, and WANG Zheng College of Bioscience and Biotechnology, Hunan
Agricultural University, Changsha 410128, Hunan, China* This work was supported by
the National Natural Science foundation of China (No. 31071531); the Scientific
Research Fund of the Hunan Provincial Education Department (No. 14A071); the China
National Tobacco Corp Hunan Branch (15-17Aa04).# Correspondence should be
addressed to WANG Zheng, Professor, Tel: 86-731-84617628, E-mail: wz8918@ 163.
com. Biomed Environ Sci, 28(12), 894-903.

87

Cho, Y. M., Youn, B. S., Lee, H., Lee, N., Min, S. S., Kwak, S. H., Lee, H. K., & Park,
K. S. (2006). Plasma retinol-binding protein-4 concentrations are elevated in human
subjects with impaired glucose tolerance and type 2 diabetes. Diabetes Care, 29(11),
2457-2461. doi: 10.2337/dc06-0360
Christiana, U. I., Casimir, A. E., Nicholas, A. A., Christian, M. C., & Obiefuna, A. I.
(2016). Plasma levels of inflammatory cytokines in adult Nigerians with the metabolic
syndrome. Niger Med J, 57(1), 64-68. doi: 10.4103/0300-1652.180569
Cipriani, S., Mencarelli, A., Palladino, G., & Fiorucci, S. (2010). FXR activation reverses
insulin resistance and lipid abnormalities and protects against liver steatosis in Zucker
(fa/fa) obese rats. J Lipid Res, 51(4), 771-784. doi: 10.1194/jlr.M001602
Cook, S., Auinger, P., Li, C., & Ford, E. S. (2008). Metabolic syndrome rates in United
States adolescents, from the National Health and Nutrition Examination Survey, 19992002. J Pediatr, 152(2), 165-170. doi: 10.1016/j.jpeds.2007.06.004
Cordero-Herrera, I., Martin, M. A., Escriva, F., Alvarez, C., Goya, L., & Ramos, S.
(2015). Cocoa-rich diet ameliorates hepatic insulin resistance by modulating insulin
signaling and glucose homeostasis in Zucker diabetic fatty rats. J Nutr Biochem, 26(7),
704-712. doi: 10.1016/j.jnutbio.2015.01.009
Daniele, G., Guardado Mendoza, R., Winnier, D., Fiorentino, T. V., Pengou, Z., Cornell,
J., Andreozzi, F., Jenkinson, C., Cersosimo, E., Federici, M., Tripathy, D., & Folli, F.
(2014). The inflammatory status score including IL-6, TNF-alpha, osteopontin,
fractalkine, MCP-1 and adiponectin underlies whole-body insulin resistance and
hyperglycemia in type 2 diabetes mellitus. Acta Diabetol, 51(1), 123-131. doi:
10.1007/s00592-013-0543-1
Daubioul, C., Rousseau, N., Demeure, R., Gallez, B., Taper, H., Declerck, B., &
Delzenne, N. (2002). Dietary fructans, but not cellulose, decrease triglyceride
accumulation in the liver of obese Zucker fa/fa rats. J Nutr, 132(5), 967-973.
Daubioul, C. A., Taper, H. S., De Wispelaere, L. D., & Delzenne, N. M. (2000). Dietary
oligofructose lessens hepatic steatosis, but does not prevent hypertriglyceridemia in obese
zucker rats. J Nutr, 130(5), 1314-1319.
De Martin, R., Hoeth, M., Hofer-Warbinek, R., & Schmid, J. A. (2000). The transcription
factor NF-kappa B and the regulation of vascular cell function. Arterioscler Thromb Vasc
Biol, 20(11), E83-88.
Del Bo, C., Kristo, A. S., Kalea, A. Z., Ciappellano, S., Riso, P., Porrini, M., & KlimisZacas, D. (2012). The temporal effect of a wild blueberry (Vaccinium angustifolium)enriched diet on vasomotor tone in the Sprague-Dawley rat. Nutr Metab Cardiovasc Dis,
22(2), 127-132. doi: 10.1016/j.numecd.2010.05.004
Despres, J. P., & Lemieux, I. (2006). Abdominal obesity and metabolic syndrome.
Nature, 444(7121), 881-887. doi: 10.1038/nature05488
88

Deushi, M., Nomura, M., Kawakami, A., Haraguchi, M., Ito, M., Okazaki, M., Ishii, H.,
& Yoshida, M. (2007). Ezetimibe improves liver steatosis and insulin resistance in obese
rat model of metabolic syndrome. FEBS Lett, 581(29), 5664-5670. doi:
10.1016/j.febslet.2007.11.023
Diaz-Santana, M. V., Suarez Perez, E. L., Ortiz Martinez, A. P., Guzman Serrano, M., &
Perez Cardona, C. M. (2016). Association Between the Hypertriglyceridemic Waist
Phenotype, Prediabetes, and Diabetes Mellitus Among Adults in Puerto Rico. J Immigr
Minor Health, 18(1), 102-109. doi: 10.1007/s10903-014-9985-y
Ding, Y., Li, S., Ma, R. L., Guo, H., Zhang, J., Zhang, M., Liu, J., & Guo, S. (2015).
Association of homeostasis model assessment of insulin resistance, adiponectin, and lowgrade inflammation with the course of the metabolic syndrome. Clin Biochem, 48(7-8),
503-507. doi: 10.1016/j.clinbiochem.2015.02.005
Dods, R. F., & ebrary Inc. (2013). Understanding diabetes a biochemical perspective:
Chapter 4 Regulation of Glucose Metabolism (pp. xxiii, 389 p., 310 p. of plates).
Retrieved from http://site.ebrary.com/lib/yale/Doc?id=10662561
El-Bassossy, H. M., Dsokey, N., & Fahmy, A. (2014). Characterization of vascular
complications in experimental model of fructose-induced metabolic syndrome. Toxicol
Mech Methods, 24(8), 536-543. doi: 10.3109/15376516.2014.945109
El-Rashedy, A. H., Belal, K., Osman, H., & Shehab, G. M. (2011). Protective role of
pomegranate on fatty liver in obesity: an experimental chemical & histopathological
study. The Egyptian Journal of Hospital Medicine, 43, 162-172.
Elks, C. M., Terrebonne, J. D., Ingram, D. K., & Stephens, J. M. (2015). Blueberries
improve glucose tolerance without altering body composition in obese postmenopausal
mice. Obesity (Silver Spring), 23(3), 573-580. doi: 10.1002/oby.20926
Esposito, D., Chen, A., Grace, M. H., Komarnytsky, S., & Lila, M. A. (2014). Inhibitory
effects of wild blueberry anthocyanins and other flavonoids on biomarkers of acute and
chronic inflammation in vitro. J Agric Food Chem, 62(29), 7022-7028. doi:
10.1021/jf4051599
Esposito, K., Nappo, F., Marfella, R., Giugliano, G., Giugliano, F., Ciotola, M.,
Quagliaro, L., Ceriello, A., & Giugliano, D. (2002). Inflammatory cytokine
concentrations are acutely increased by hyperglycemia in humans: role of oxidative
stress. Circulation, 106(16), 2067-2072.
Fabbrini, E., Sullivan, S., & Klein, S. (2010). Obesity and nonalcoholic fatty liver
disease: biochemical, metabolic, and clinical implications. Hepatology, 51(2), 679-689.
doi: 10.1002/hep.23280
Forsen, T., Eriksson, J., Tuomilehto, J., Reunanen, A., Osmond, C., & Barker, D. (2000).
The fetal and childhood growth of persons who develop type 2 diabetes. Ann Intern Med,
133(3), 176-182.
89

Frisbee, J. C., & Delp, M. D. (2006). Vascular function in the metabolic syndrome and
the effects on skeletal muscle perfusion: lessons from the obese Zucker rat. Essays
Biochem, 42, 145-161. doi: 10.1042/bse0420145
Fukuda, N., Azain, M. J., & Ontko, J. A. (1982). Altered hepatic metabolism of free fatty
acids underlying hypersecretion of very low density lipoproteins in the genetically obese
Zucker rats. J Biol Chem, 257(23), 14066-14072.
Genuth, S., Alberti, K. G., Bennett, P., Buse, J., Defronzo, R., Kahn, R., Kitzmiller, J.,
Knowler, W. C., Lebovitz, H., Lernmark, A., Nathan, D., Palmer, J., Rizza, R., Saudek,
C., Shaw, J., Steffes, M., Stern, M., Tuomilehto, J., Zimmet, P., Expert Committee on
the, D., & Classification of Diabetes, M. (2003). Follow-up report on the diagnosis of
diabetes mellitus. Diabetes Care, 26(11), 3160-3167.
Giugliano, D., Ceriello, A., & Esposito, K. (2006). The effects of diet on inflammation:
emphasis on the metabolic syndrome. J Am Coll Cardiol, 48(4), 677-685. doi:
10.1016/j.jacc.2006.03.052
Gomez-Zorita, S., Fernandez-Quintela, A., Macarulla, M. T., Aguirre, L., Hijona, E.,
Bujanda, L., Milagro, F., Martinez, J. A., & Portillo, M. P. (2012). Resveratrol attenuates
steatosis in obese Zucker rats by decreasing fatty acid availability and reducing oxidative
stress. Br J Nutr, 107(2), 202-210. doi: 10.1017/S0007114511002753
Grace, M. H., Ribnicky, D. M., Kuhn, P., Poulev, A., Logendra, S., Yousef, G. G.,
Raskin, I., & Lila, M. A. (2009). Hypoglycemic activity of a novel anthocyanin-rich
formulation from lowbush blueberry, Vaccinium angustifolium Aiton. Phytomedicine,
16(5), 406-415. doi: 10.1016/j.phymed.2009.02.018
Grundy, S. M. (2011). Atlas of Atherosclerosis and Metabolic Syndrome (5th ed.). New
York: Springer Science+Business Media, LLC.
Grundy, S. M. (2011). Atlas of the Metabolic Syndrome
Grundy, S. M., Neeland, I. J., Turer, A. T., & Vega, G. L. (2013). Waist circumference as
measure of abdominal fat compartments. J Obes, 2013, 454285. doi:
10.1155/2013/454285
Gustafson, B. (2010). Adipose tissue, inflammation and atherosclerosis. J Atheroscler
Thromb, 17(4), 332-341.
Hales, C. N., & Barker, D. J. (1992). Type 2 (non-insulin-dependent) diabetes mellitus:
the thrifty phenotype hypothesis. Diabetologia, 35(7), 595-601.
Hales, C. N., & Barker, D. J. (2013). Type 2 (non-insulin-dependent) diabetes mellitus:
the thrifty phenotype hypothesis. 1992. Int J Epidemiol, 42(5), 1215-1222. doi:
10.1093/ije/dyt133

90

Handelsman, Y., Bloomgarden, Z. T., Grunberger, G., Umpierrez, G., Zimmerman, R. S.,
Bailey, T. S., Blonde, L., Bray, G. A., Cohen, A. J., Dagogo-Jack, S., Davidson, J. A.,
Einhorn, D., Ganda, O. P., Garber, A. J., Garvey, W. T., Henry, R. R., Hirsch, I. B.,
Horton, E. S., Hurley, D. L., Jellinger, P. S., Jovanovic, L., Lebovitz, H. E., LeRoith, D.,
Levy, P., McGill, J. B., Mechanick, J. I., Mestman, J. H., Moghissi, E. S., Orzeck, E. A.,
Pessah-Pollack, R., Rosenblit, P. D., Vinik, A. I., Wyne, K., & Zangeneh, F. (2015).
American association of clinical endocrinologists and american college of endocrinology
- clinical practice guidelines for developing a diabetes mellitus comprehensive care plan 2015. Endocr Pract, 21 Suppl 1, 1-87. doi: 10.4158/EP15672.GL
Haudenschild, C. C., Van Sickle, W., & Chobanian, A. V. (1981). Response of the aorta
of the obese Zucker rat to injury. Arteriosclerosis, 1(3), 186-191.
Hayden, M. R., Sowers, J. R., & Tyagi, S. C. (2005). The central role of vascular
extracellular matrix and basement membrane remodeling in metabolic syndrome and type
2 diabetes: the matrix preloaded. Cardiovasc Diabetol, 4, 9. doi: 10.1186/1475-2840-4-9
He, J., & Giusti, M. M. (2010). Anthocyanins: natural colorants with health-promoting
properties. Annu Rev Food Sci Technol, 1, 163-187. doi:
10.1146/annurev.food.080708.100754
Hofsteenge, J., Huwiler, K. G., Macek, B., Hess, D., Lawler, J., Mosher, D. F., & PeterKatalinic, J. (2001). C-mannosylation and O-fucosylation of the thrombospondin type 1
module. J Biol Chem, 276(9), 6485-6498. doi: 10.1074/jbc.M008073200
Horrillo, R., Gonzalez-Periz, A., Martinez-Clemente, M., Lopez-Parra, M., Ferre, N.,
Titos, E., Moran-Salvador, E., Deulofeu, R., Arroyo, V., & Claria, J. (2010). 5lipoxygenase activating protein signals adipose tissue inflammation and lipid dysfunction
in experimental obesity. J Immunol, 184(7), 3978-3987. doi: 10.4049/jimmunol.0901355
Huang, T. H., Peng, G., Li, G. Q., Yamahara, J., Roufogalis, B. D., & Li, Y. (2006).
Salacia oblonga root improves postprandial hyperlipidemia and hepatic steatosis in
Zucker diabetic fatty rats: activation of PPAR-alpha. Toxicol Appl Pharmacol, 210(3),
225-235. doi: 10.1016/j.taap.2005.05.003
Huang, W., Zhu, Y., Li, C., Sui, Z., & Min, W. (2016). Effect of Blueberry Anthocyanins
Malvidin and Glycosides on the Antioxidant Properties in Endothelial Cells. Oxid Med
Cell Longev, 2016, 10. doi: 10.1155/2016/1591803
Ichida, T., & Kalant, N. (1968). Aortic glycosaminoglycans in atheroma and alloxan
diabetes. Can J Biochem, 46(3), 249-260.
Ihara, Y., Manabe, S., Kanda, M., Kawano, H., Nakayama, T., Sekine, I., Kondo, T., &
Ito, Y. (2005). Increased expression of protein C-mannosylation in the aortic vessels of
diabetic Zucker rats. Glycobiology, 15(4), 383-392. doi: 10.1093/glycob/cwi012
Intengan, H. D., & Schiffrin, E. L. (2001). Vascular remodeling in hypertension: roles of
apoptosis, inflammation, and fibrosis. Hypertension, 38(3 Pt 2), 581-587.
91

Janega, P., Klimentova, J., Barta, A., Kovacsova, M., Vrankova, S., Cebova, M., Cierna,
Z., Matuskova, Z., Jakovljevic, V., & Pechanova, O. (2014). Red wine extract decreases
pro-inflammatory markers, nuclear factor-kappaB and inducible NOS, in experimental
metabolic syndrome. Food Funct, 5(9), 2202-2207. doi: 10.1039/c4fo00097h
Jasinski, M., Jasinska, L., & Ogrodowczyk, M. (2013). Resveratrol in prostate diseases a short review. Cent European J Urol, 66(2), 144-149. doi: 10.5173/ceju.2013.02.art8
Jennings, A., Welch, A. A., Fairweather-Tait, S. J., Kay, C., Minihane, A. M.,
Chowienczyk, P., Jiang, B., Cecelja, M., Spector, T., Macgregor, A., & Cassidy, A.
(2012). Higher anthocyanin intake is associated with lower arterial stiffness and central
blood pressure in women. Am J Clin Nutr, 96(4), 781-788. doi: 10.3945/ajcn.112.042036
Jing, Y. H., Chen, K. H., Yang, S. H., Kuo, P. C., & Chen, J. K. (2010). Resveratrol
ameliorates vasculopathy in STZ-induced diabetic rats: role of AGE-RAGE signalling.
Diabetes Metab Res Rev, 26(3), 212-222. doi: 10.1002/dmrr.1076
Johnson, S. A., Figueroa, A., Navaei, N., Wong, A., Kalfon, R., Ormsbee, L. T., Feresin,
R. G., Elam, M. L., Hooshmand, S., Payton, M. E., & Arjmandi, B. H. (2015). Daily
blueberry consumption improves blood pressure and arterial stiffness in postmenopausal
women with pre- and stage 1-hypertension: a randomized, double-blind, placebocontrolled clinical trial. J Acad Nutr Diet, 115(3), 369-377. doi:
10.1016/j.jand.2014.11.001
Justo, M. L., Candiracci, M., Dantas, A. P., de Sotomayor, M. A., Parrado, J., Vila, E.,
Herrera, M. D., & Rodriguez-Rodriguez, R. (2013). Rice bran enzymatic extract restores
endothelial function and vascular contractility in obese rats by reducing vascular
inflammation and oxidative stress. J Nutr Biochem, 24(8), 1453-1461. doi:
10.1016/j.jnutbio.2012.12.004
Kalea, A. Z., Lamari, F. N., Theocharis, A. D., Cordopatis, P., Schuschke, D. A.,
Karamanos, N. K., & Klimis-Zacas, D. J. (2006). Wild blueberry (Vaccinium
angustifolium) consumption affects the composition and structure of glycosaminoglycans
in Sprague-Dawley rat aorta. J Nutr Biochem, 17(2), 109-116. doi:
10.1016/j.jnutbio.2005.05.015
Karelis, A. D., St-Pierre, D. H., Conus, F., Rabasa-Lhoret, R., & Poehlman, E. T. (2004).
Metabolic and body composition factors in subgroups of obesity: what do we know? J
Clin Endocrinol Metab, 89(6), 2569-2575. doi: 10.1210/jc.2004-0165
Karimi, A., & Milewicz, D. M. (2016). Structure of the Elastin-Contractile Units in the
Thoracic Aorta and How Genes That Cause Thoracic Aortic Aneurysms and Dissections
Disrupt This Structure. Can J Cardiol, 32(1), 26-34. doi: 10.1016/j.cjca.2015.11.004
Kasim, S. E., LeBoeuf, R. C., Khilnani, S., Tallapaka, L., Dayananda, D., & Jen, K. L.
(1992). Mechanisms of triglyceride-lowering effect of an HMG-CoA reductase inhibitor
in a hypertriglyceridemic animal model, the Zucker obese rat. J Lipid Res, 33(1), 1-7.
92

Kastorini, C. M., Milionis, H. J., Esposito, K., Giugliano, D., Goudevenos, J. A., &
Panagiotakos, D. B. (2011). The effect of Mediterranean diet on metabolic syndrome and
its components: a meta-analysis of 50 studies and 534,906 individuals. J Am Coll
Cardiol, 57(11), 1299-1313. doi: 10.1016/j.jacc.2010.09.073
Kaur, J. (2014). A comprehensive review on metabolic syndrome. Cardiol Res Pract,
2014, 943162. doi: 10.1155/2014/943162
Kava R, G. M., Johnson PR. (1990). The Zucker (fa/fa) Rat. Institute for Laboratory
Animal Research Journal, 32(3), 4-8. doi: 10.1093/ilar.32.3.4
Kawakami, A., Aikawa, M., Alcaide, P., Luscinskas, F. W., Libby, P., & Sacks, F. M.
(2006). Apolipoprotein CIII induces expression of vascular cell adhesion molecule-1 in
vascular endothelial cells and increases adhesion of monocytic cells. Circulation, 114(7),
681-687. doi: 10.1161/CIRCULATIONAHA.106.622514
Kelesidis, T., Kelesidis, I., Chou, S., & Mantzoros, C. S. (2010). Narrative review: the
role of leptin in human physiology: emerging clinical applications. Ann Intern Med,
152(2), 93-100. doi: 10.7326/0003-4819-152-2-201001190-00008
King, G. L., & Loeken, M. R. (2004). Hyperglycemia-induced oxidative stress in diabetic
complications. Histochem Cell Biol, 122(4), 333-338. doi: 10.1007/s00418-004-0678-9
Kleiner, D. E., Brunt, E. M., Van Natta, M., Behling, C., Contos, M. J., Cummings, O.
W., Ferrell, L. D., Liu, Y. C., Torbenson, M. S., Unalp-Arida, A., Yeh, M., McCullough,
A. J., Sanyal, A. J., & Nonalcoholic Steatohepatitis Clinical Research, N. (2005). Design
and validation of a histological scoring system for nonalcoholic fatty liver disease.
Hepatology, 41(6), 1313-1321. doi: 10.1002/hep.20701
Klover, P. J., & Mooney, R. A. (2004). Hepatocytes: critical for glucose homeostasis. Int
J Biochem Cell Biol, 36(5), 753-758.
Kovanecz, I., Nolazco, G., Ferrini, M. G., Toblli, J. E., Heydarkhan, S., Vernet, D.,
Rajfer, J., & Gonzalez-Cadavid, N. F. (2009). Early onset of fibrosis within the arterial
media in a rat model of type 2 diabetes mellitus with erectile dysfunction. BJU Int,
103(10), 1396-1404. doi: 10.1111/j.1464-410X.2008.08251.x
Kristo, A. S., Malavaki, C. J., Lamari, F. N., Karamanos, N. K., & Klimis-Zacas, D.
(2012). Wild blueberry (V. angustifolium)-enriched diets alter aortic glycosaminoglycan
profile in the spontaneously hypertensive rat. J Nutr Biochem, 23(8), 961-965. doi:
10.1016/j.jnutbio.2011.05.002
Kucera, O., & Cervinkova, Z. (2014). Experimental models of non-alcoholic fatty liver
disease in rats. World J Gastroenterol, 20(26), 8364-8376. doi:
10.3748/wjg.v20.i26.8364

93

Kuntz, E., Kuntz, H.-D., & SpringerLink (Online service). (2008). Hepatology Textbook
and Atlas History · Morphology Biochemistry · Diagnostics Clinic · Therapy Retrieved
from http://dx.doi.org/10.1007/978-3-540-76839-5
Lau, F. C., Joseph, J. A., McDonald, J. E., & Kalt, W. (2009). Attenuation of iNOS and
COX2 by blueberry polyphenols is mediated through the suppression of NF-κB
activation. Journal of Functional Foods, 1(3), 274-283.
Le, K. A., Mahurkar, S., Alderete, T. L., Hasson, R. E., Adam, T. C., Kim, J. S., Beale,
E., Xie, C., Greenberg, A. S., Allayee, H., & Goran, M. I. (2011). Subcutaneous adipose
tissue macrophage infiltration is associated with hepatic and visceral fat deposition,
hyperinsulinemia, and stimulation of NF-kappaB stress pathway. Diabetes, 60(11), 28022809. doi: 10.2337/db10-1263
Lee, Y. H., & Pratley, R. E. (2005). The evolving role of inflammation in obesity and the
metabolic syndrome. Curr Diab Rep, 5(1), 70-75.
Levene, A. P., Kudo, H., Thursz, M. R., Anstee, Q. M., & Goldin, R. D. (2010). Is oil
red-O staining and digital image analysis the gold standard for quantifying steatosis in the
liver? Hepatology, 51(5), 1859; author reply 1859-1860. doi: 10.1002/hep.23551
Liu, Y., Li, D., Zhang, Y., Sun, R., & Xia, M. (2014). Anthocyanin increases adiponectin
secretion and protects against diabetes-related endothelial dysfunction. Am J Physiol
Endocrinol Metab, 306(8), E975-988. doi: 10.1152/ajpendo.00699.2013
Liu, Y., Wang, D., Zhang, D., Lv, Y., Wei, Y., Wu, W., Zhou, F., Tang, M., Mao, T., Li,
M., & Ji, B. (2011). Inhibitory effect of blueberry polyphenolic compounds on oleic acidinduced hepatic steatosis in vitro. J Agric Food Chem, 59(22), 12254-12263. doi:
10.1021/jf203136j
Ma, X., & Zhu, S. (2013). Metabolic syndrome in the prevention of cardiovascular
diseases and diabetes--still a matter of debate? Eur J Clin Nutr, 67(5), 518-521. doi:
10.1038/ejcn.2013.24
Maatta-Riihinen, K. R., Kahkonen, M. P., Torronen, A. R., & Heinonen, I. M. (2005).
Catechins and procyanidins in berries of vaccinium species and their antioxidant activity.
J Agric Food Chem, 53(22), 8485-8491. doi: 10.1021/jf050408l
Marchesini, G., Brizi, M., Bianchi, G., Tomassetti, S., Bugianesi, E., Lenzi, M.,
McCullough, A. J., Natale, S., Forlani, G., & Melchionda, N. (2001). Nonalcoholic fatty
liver disease: a feature of the metabolic syndrome. Diabetes, 50(8), 1844-1850.
Marra, F., Gastaldelli, A., Svegliati Baroni, G., Tell, G., & Tiribelli, C. (2008). Molecular
basis and mechanisms of progression of non-alcoholic steatohepatitis. Trends Mol Med,
14(2), 72-81. doi: 10.1016/j.molmed.2007.12.003

94

Martineau, L. C., Couture, A., Spoor, D., Benhaddou-Andaloussi, A., Harris, C., Meddah,
B., Leduc, C., Burt, A., Vuong, T., Mai Le, P., Prentki, M., Bennett, S. A., Arnason, J. T.,
& Haddad, P. S. (2006). Anti-diabetic properties of the Canadian lowbush blueberry
Vaccinium angustifolium Ait. Phytomedicine, 13(9-10), 612-623. doi:
10.1016/j.phymed.2006.08.005
McCune, S. A., Durant, P. J., Jenkins, P. A., & Harris, R. A. (1981). Comparative studies
on fatty acid synthesis, glycogen metabolism, and gluconeogenesis by hepatocytes
isolated from lean and obese Zucker rats. Metabolism, 30(12), 1170-1178.
Menotti, A., Kromhout, D., Blackburn, H., Fidanza, F., Buzina, R., & Nissinen, A.
(1999). Food intake patterns and 25-year mortality from coronary heart disease: crosscultural correlations in the Seven Countries Study. The Seven Countries Study Research
Group. Eur J Epidemiol, 15(6), 507-515.
Mezei, O., Banz, W. J., Steger, R. W., Peluso, M. R., Winters, T. A., & Shay, N. (2003).
Soy isoflavones exert antidiabetic and hypolipidemic effects through the PPAR pathways
in obese Zucker rats and murine RAW 264.7 cells. J Nutr, 133(5), 1238-1243.
Milic, S., Lulic, D., & Stimac, D. (2014). Non-alcoholic fatty liver disease and obesity:
biochemical, metabolic and clinical presentations. World J Gastroenterol, 20(28), 93309337. doi: 10.3748/wjg.v20.i28.9330
Nakao, Y. M., Miyawaki, T., Yasuno, S., Nakao, K., Tanaka, S., Ida, M., Hirata, M.,
Kasahara, M., Hosoda, K., Ueshima, K., & Nakao, K. (2012). Intra-abdominal fat area is
a predictor for new onset of individual components of metabolic syndrome: MEtabolic
syndRome and abdominaL ObesiTy (MERLOT study). Proc Jpn Acad Ser B Phys Biol
Sci, 88(8), 454-461.
National Cholesterol Education Program Expert Panel on Detection, E., & Treatment of
High Blood Cholesterol in, A. (2002). Third Report of the National Cholesterol
Education Program (NCEP) Expert Panel on Detection, Evaluation, and Treatment of
High Blood Cholesterol in Adults (Adult Treatment Panel III) final report. Circulation,
106(25), 3143-3421.
Nativ, N. I., Chen, A. I., Yarmush, G., Henry, S. D., Lefkowitch, J. H., Klein, K. M.,
Maguire, T. J., Schloss, R., Guarrera, J. V., Berthiaume, F., & Yarmush, M. L. (2014).
Automated image analysis method for detecting and quantifying macrovesicular steatosis
in hematoxylin and eosin-stained histology images of human livers. Liver Transpl, 20(2),
228-236. doi: 10.1002/lt.23782
Neel, J. V. (1962). Diabetes mellitus: a "thrifty" genotype rendered detrimental by
"progress"? Am J Hum Genet, 14, 353-362.
Noratto, G., Martino, H. S., Simbo, S., Byrne, D., & Mertens-Talcott, S. U. (2015).
Consumption of polyphenol-rich peach and plum juice prevents risk factors for obesityrelated metabolic disorders and cardiovascular disease in Zucker rats. J Nutr Biochem,
26(6), 633-641. doi: 10.1016/j.jnutbio.2014.12.014
95

Olivetti, G., Melissari, M., Marchetti, G., & Anversa, P. (1982). Quantitative structural
changes of the rat thoracic aorta in early spontaneous hypertension. Tissue composition,
and hypertrophy and hyperplasia of smooth muscle cells. Circ Res, 51(1), 19-26.
Orozco, L. D., Liu, H., Chen, B. B., Buciuc, R. F., Fratkin, J. D., Pisarello, J. C., &
Perkins, E. (2012). Aortic response to balloon injury in obese Zucker rats. Comp Med,
62(4), 264-270.
Owens, G. K., Rabinovitch, P. S., & Schwartz, S. M. (1981). Smooth muscle cell
hypertrophy versus hyperplasia in hypertension. Proc Natl Acad Sci U S A, 78(12), 77597763.
Park, E. S., Lim, Y., Hong, J. T., Yoo, H. S., Lee, C. K., Pyo, M. Y., & Yun, Y. P.
(2010). Pterostilbene, a natural dimethylated analog of resveratrol, inhibits rat aortic
vascular smooth muscle cell proliferation by blocking Akt-dependent pathway. Vascul
Pharmacol, 53(1-2), 61-67. doi: 10.1016/j.vph.2010.04.001
Patel, S., & Santani, D. (2009). Role of NF-kappa B in the pathogenesis of diabetes and
its associated complications. Pharmacol Rep, 61(4), 595-603.
Peluso, M. R., Winters, T. A., Shanahan, M. F., & Banz, W. J. (2000). A cooperative
interaction between soy protein and its isoflavone-enriched fraction lowers hepatic lipids
in male obese Zucker rats and reduces blood platelet sensitivity in male Sprague-Dawley
rats. J Nutr, 130(9), 2333-2342.
Perreault, M., & Marette, A. (2001). Targeted disruption of inducible nitric oxide
synthase protects against obesity-linked insulin resistance in muscle. Nat Med, 7(10),
1138-1143. doi: 10.1038/nm1001-1138
Popovic, D., Dukic, D., Katic, V., Jovic, Z., Jovic, M., Lalic, J., Golubovic, I.,
Stojanovic, S., Ulrih, N. P., Stankovic, M., & Sokolovic, D. (2016). Antioxidant and
proapoptotic effects of anthocyanins from bilberry extract in rats exposed to hepatotoxic
effects of carbon tetrachloride. Life Sci, 157, 168-177. doi: 10.1016/j.lfs.2016.06.007
Pratt, D. E., & Birac, P. M. (1979). Source of antioxidant activity of soybeans and soy
products. J Food Sci, 44(6), 1720-1722.
Prevention, C. f. D. C. a. (2015, Oct 1 2015). International Classification of Diseases,
Tenth Revision, Clinical Modification (ICD-10-CM). Oct 2015, from
http://www.cdc.gov/nchs/icd/icd10cm.htm
Raju, J., & Bird, R. P. (2006). Alleviation of hepatic steatosis accompanied by
modulation of plasma and liver TNF-alpha levels by Trigonella foenum graecum
(fenugreek) seeds in Zucker obese (fa/fa) rats. Int J Obes (Lond), 30(8), 1298-1307. doi:
10.1038/sj.ijo.0803254

96

Ran, J., Hirano, T., & Adachi, M. (2004). Angiotensin II type 1 receptor blocker
ameliorates overproduction and accumulation of triglyceride in the liver of Zucker fatty
rats. Am J Physiol Endocrinol Metab, 287(2), E227-232. doi:
10.1152/ajpendo.00090.2004
Randle, P. J., Garland, P. B., Hales, C. N., & Newsholme, E. A. (1963). The glucose
fatty-acid cycle. Its role in insulin sensitivity and the metabolic disturbances of diabetes
mellitus. Lancet, 1(7285), 785-789.
Reaven, G. M. (1988). Banting lecture 1988. Role of insulin resistance in human disease.
Diabetes, 37(12), 1595-1607.
Rector, R. S., Thyfault, J. P., Wei, Y., & Ibdah, J. A. (2008). Non-alcoholic fatty liver
disease and the metabolic syndrome: an update. World J Gastroenterol, 14(2), 185-192.
Redgrave, T. G. (1977). Catabolism of chylomicron triacylglycerol and cholesteryl ester
in genetically obese rats. J Lipid Res, 18(5), 604-612.
Ren, T., Huang, C., & Cheng, M. (2014). Dietary blueberry and bifidobacteria attenuate
nonalcoholic fatty liver disease in rats by affecting SIRT1-mediated signaling pathway.
Oxid Med Cell Longev, 2014, 469059. doi: 10.1155/2014/469059
Riccioni, G., D'Orazio, N., Palumbo, N., Bucciarelli, V., Ilio, E., Bazzano, L. A., &
Bucciarelli, T. (2009). Relationship between plasma antioxidant concentrations and
carotid intima-media thickness: the Asymptomatic Carotid Atherosclerotic Disease In
Manfredonia Study. Eur J Cardiovasc Prev Rehabil, 16(3), 351-357. doi:
10.1097/HJR.0b013e328325d807
Riso, P., Klimis-Zacas, D., Del Bo, C., Martini, D., Campolo, J., Vendrame, S., Moller,
P., Loft, S., De Maria, R., & Porrini, M. (2013). Effect of a wild blueberry (Vaccinium
angustifolium) drink intervention on markers of oxidative stress, inflammation and
endothelial function in humans with cardiovascular risk factors. Eur J Nutr, 52(3), 949961. doi: 10.1007/s00394-012-0402-9
Rivera, L., Moron, R., Zarzuelo, A., & Galisteo, M. (2009). Long-term resveratrol
administration reduces metabolic disturbances and lowers blood pressure in obese Zucker
rats. Biochem Pharmacol, 77(6), 1053-1063. doi: 10.1016/j.bcp.2008.11.027
Sakashita, Y., Nakanishi, S., Yoneda, M., Nakashima, R., Yamane, K., & Kohno, N.
(2015). Regardless of central obesity, metabolic syndrome is a significant predictor of
type 2 diabetes in Japanese Americans. J Diabetes Investig, 6(5), 527-532. doi:
10.1111/jdi.12327
Samuel, V. T., & Shulman, G. I. (2016). The pathogenesis of insulin resistance:
integrating signaling pathways and substrate flux. J Clin Invest, 126(1), 12-22. doi:
10.1172/JCI77812
Saxena, R. (2010). Special Stains in Interpretation of Liver Biopsies. Connection, 92-103.
97

Scherer, P. E. (2006). Adipose tissue: from lipid storage compartment to endocrine organ.
Diabetes, 55(6), 1537-1545. doi: 10.2337/db06-0263
Schneider, C. A., Rasband, W. S., & Eliceiri, K. W. (2012). NIH Image to ImageJ: 25
years of image analysis. Nat Methods, 9(7), 671-675.
Schonfeld, G., Felski, C., & Howald, M. A. (1974). Characterization of the plasma
lipoproteins of the genetically obese hyperlipoproteinemic Zucker fatty rat. J Lipid Res,
15(5), 457-464.
Serkova, N. J., Jackman, M., Brown, J. L., Liu, T., Hirose, R., Roberts, J. P., Maher, J. J.,
& Niemann, C. U. (2006). Metabolic profiling of livers and blood from obese Zucker
rats. J Hepatol, 44(5), 956-962. doi: 10.1016/j.jhep.2005.07.009
Sesti, G. (2006). Pathophysiology of insulin resistance. Best Pract Res Clin Endocrinol
Metab, 20(4), 665-679. doi: 10.1016/j.beem.2006.09.007
Seymour, E. M., Tanone, II, Urcuyo-Llanes, D. E., Lewis, S. K., Kirakosyan, A.,
Kondoleon, M. G., Kaufman, P. B., & Bolling, S. F. (2011). Blueberry intake alters
skeletal muscle and adipose tissue peroxisome proliferator-activated receptor activity and
reduces insulin resistance in obese rats. J Med Food, 14(12), 1511-1518. doi:
10.1089/jmf.2010.0292
Shuto, H., Shuto, C., Inoue, T., Nishikata, H., Tokutake, E., Sakai, H., Ostu, H., Aida, K.,
Morino, K., Aoki, N., Kiyomatsu, Y., Ohba, T., Matsuo, H., Inukai, T., & Suzuki, H.
(2015). Assessment of Waist Circumference Index as a New Screening Parameter for
Pre-Metabolic syndrome. Health Education Research & Development, 3(3). doi:
10.4172/2380-5439.1000139
Sista, A. K., O'Connell, M. K., Hinohara, T., Oommen, S. S., Fenster, B. E., Glassford,
A. J., Schwartz, E. A., Taylor, C. A., Reaven, G. M., & Tsao, P. S. (2005). Increased
aortic stiffness in the insulin-resistant Zucker fa/fa rat. Am J Physiol Heart Circ Physiol,
289(2), H845-851. doi: 10.1152/ajpheart.00134.2005
Society, T. E. (2015). Endocrine Facts and Figures: Obesity (Vol. First Edition, pp. 1-28).
Washington DC: The Endocrine Society.
Steinberg, H. O., Chaker, H., Leaming, R., Johnson, A., Brechtel, G., & Baron, A. D.
(1996). Obesity/insulin resistance is associated with endothelial dysfunction. Implications
for the syndrome of insulin resistance. J Clin Invest, 97(11), 2601-2610. doi:
10.1172/JCI118709
Stull, A. J., Cash, K. C., Champagne, C. M., Gupta, A. K., Boston, R., Beyl, R. A.,
Johnson, W. D., & Cefalu, W. T. (2015). Blueberries improve endothelial function, but
not blood pressure, in adults with metabolic syndrome: a randomized, double-blind,
placebo-controlled clinical trial. Nutrients, 7(6), 4107-4123. doi: 10.3390/nu7064107

98

Stull, A. J., Cash, K. C., Johnson, W. D., Champagne, C. M., & Cefalu, W. T. (2010).
Bioactives in blueberries improve insulin sensitivity in obese, insulin-resistant men and
women. J Nutr, 140(10), 1764-1768. doi: 10.3945/jn.110.125336
Sun, B., & Karin, M. (2012). Obesity, inflammation, and liver cancer. J Hepatol, 56(3),
704-713. doi: 10.1016/j.jhep.2011.09.020
Tannock, L. R., & King, V. L. (2008). Proteoglycan mediated lipoprotein retention: a
mechanism of diabetic atherosclerosis. Rev Endocr Metab Disord, 9(4), 289-300. doi:
10.1007/s11154-008-9078-0
Teran-Garcia, M., & Bouchard, C. (2007). Genetics of the metabolic syndrome. Appl
Physiol Nutr Metab, 32(1), 89-114. doi: 10.1139/h06-102
Terra, X., Pallares, V., Ardevol, A., Blade, C., Fernandez-Larrea, J., Pujadas, G.,
Salvado, J., Arola, L., & Blay, M. (2011). Modulatory effect of grape-seed procyanidins
on local and systemic inflammation in diet-induced obesity rats. J Nutr Biochem, 22(4),
380-387. doi: 10.1016/j.jnutbio.2010.03.006
Thomas, G. N., Chook, P., Qiao, M., Huang, X. S., Leong, H. C., Celermajer, D. S., &
Woo, K. S. (2004). Deleterious impact of "high normal" glucose levels and other
metabolic syndrome components on arterial endothelial function and intima-media
thickness in apparently healthy Chinese subjects: the CATHAY study. Arterioscler
Thromb Vasc Biol, 24(4), 739-743. doi: 10.1161/01.ATV.0000118015.26978.07
Toblli, J. E., Munoz, M. C., Cao, G., Mella, J., Pereyra, L., & Mastai, R. (2008). ACE
inhibition and AT1 receptor blockade prevent fatty liver and fibrosis in obese Zucker rats.
Obesity (Silver Spring), 16(4), 770-776. doi: 10.1038/oby.2007.114
Tofovic, S. P., & Jackson, E. K. (2003). Rat models of the metabolic syndrome. Methods
Mol Med, 86, 29-46. doi: 10.1385/1-59259-392-5:29
Torronen, R., Sarkkinen, E., Tapola, N., Hautaniemi, E., Kilpi, K., & Niskanen, L.
(2010). Berries modify the postprandial plasma glucose response to sucrose in healthy
subjects. Br J Nutr, 103(8), 1094-1097. doi: 10.1017/S0007114509992868
Tovar, A. M., Cesar, D. C., Leta, G. C., & Mourao, P. A. (1998). Age-related changes in
populations of aortic glycosaminoglycans: species with low affinity for plasma lowdensity lipoproteins, and not species with high affinity, are preferentially affected.
Arterioscler Thromb Vasc Biol, 18(4), 604-614.
Tovar, A. R., Torre-Villalvazo, I., Ochoa, M., Elias, A. L., Ortiz, V., Aguilar-Salinas, C.
A., & Torres, N. (2005). Soy protein reduces hepatic lipotoxicity in hyperinsulinemic
obese Zucker fa/fa rats. J Lipid Res, 46(9), 1823-1832. doi: 10.1194/jlr.M500067-JLR200
Triscari, J., Stern, J. S., Johnson, P. R., & Sullivan, A. C. (1979). Carbohydrate
metabolism in lean and obese Zucker rats. Metabolism, 28(2), 183-189.

99

Truett, G. E., Bahary, N., Friedman, J. M., & Leibel, R. L. (1991). Rat obesity gene fatty
(fa) maps to chromosome 5: evidence for homology with the mouse gene diabetes (db).
Proc Natl Acad Sci U S A, 88(17), 7806-7809.
Unger, R. H., & Orci, L. (2000). Lipotoxic diseases of nonadipose tissues in obesity. Int J
Obes Relat Metab Disord, 24 Suppl 4, S28-32.
Velazquez-Lopez, L., Santiago-Diaz, G., Nava-Hernandez, J., Munoz-Torres, A. V.,
Medina-Bravo, P., & Torres-Tamayo, M. (2014). Mediterranean-style diet reduces
metabolic syndrome components in obese children and adolescents with obesity. BMC
Pediatr, 14, 175. doi: 10.1186/1471-2431-14-175
Vendrame, S., Daugherty, A., Kristo, A. S., & Klimis-Zacas, D. (2014). Wild blueberry
(Vaccinium angustifolium)-enriched diet improves dyslipidaemia and modulates the
expression of genes related to lipid metabolism in obese Zucker rats. Br J Nutr, 111(2),
194-200. doi: 10.1017/S0007114513002390
Vendrame, S., Daugherty, A., Kristo, A. S., Riso, P., & Klimis-Zacas, D. (2013). Wild
blueberry (Vaccinium angustifolium) consumption improves inflammatory status in the
obese Zucker rat model of the metabolic syndrome. J Nutr Biochem, 24(8), 1508-1512.
doi: 10.1016/j.jnutbio.2012.12.010
Vendrame, S., Kristo, A. S., Schuschke, D. A., & Klimis-Zacas, D. (2014). Wild
blueberry consumption affects aortic vascular function in the obese Zucker rat. Appl
Physiol Nutr Metab, 39(2), 255-261. doi: 10.1139/apnm-2013-0249
Vendrame, S., Zhao, A., Merrow, T., & Klimis-Zacas, D. (2014). The Effects of Wild
Blueberry Consumption on Plasma Markers and Gene Expression Related to Glucose
Metabolism in the Obese Zucker Rat. J Med Food. doi: 10.1089/jmf.2014.0065
Vendrame, S., Zhao, A., Merrow, T., & Klimis-Zacas, D. (2015). The effects of wild
blueberry consumption on plasma markers and gene expression related to glucose
metabolism in the obese Zucker rat. J Med Food, 18(6), 619-624. doi:
10.1089/jmf.2014.0065
Verhagen, S. N., & Visseren, F. L. (2011). Perivascular adipose tissue as a cause of
atherosclerosis. Atherosclerosis, 214(1), 3-10. doi: 10.1016/j.atherosclerosis.2010.05.034
Victor, R. G., Haley, R. W., Willett, D. L., Peshock, R. M., Vaeth, P. C., Leonard, D.,
Basit, M., Cooper, R. S., Iannacchione, V. G., Visscher, W. A., Staab, J. M., Hobbs, H.
H., & Dallas Heart Study, I. (2004). The Dallas Heart Study: a population-based
probability sample for the multidisciplinary study of ethnic differences in cardiovascular
health. Am J Cardiol, 93(12), 1473-1480. doi: 10.1016/j.amjcard.2004.02.058
Wang, Y., Cheng, M., Zhang, B., Nie, F., & Jiang, H. (2013). Dietary supplementation of
blueberry juice enhances hepatic expression of metallothionein and attenuates liver
fibrosis in rats. PLoS One, 8(3), e58659. doi: 10.1371/journal.pone.0058659
100

Wang, Y. C., McPherson, K., Marsh, T., Gortmaker, S. L., & Brown, M. (2011). Health
and economic burden of the projected obesity trends in the USA and the UK. Lancet,
378(9793), 815-825. doi: 10.1016/S0140-6736(11)60814-3
Welty, F. K., Alfaddagh, A., & Elajami, T. K. (2016). Targeting inflammation in
metabolic syndrome. Transl Res, 167(1), 257-280. doi: 10.1016/j.trsl.2015.06.017
Wick, G., & Grundtman, C. (2012). Inflammation and Atherosclerosis (1 ed.): Springer
Vienna.
Wirfalt, E., Hedblad, B., Gullberg, B., Mattisson, I., Andren, C., Rosander, U., Janzon,
L., & Berglund, G. (2001). Food patterns and components of the metabolic syndrome in
men and women: a cross-sectional study within the Malmo Diet and Cancer cohort. Am J
Epidemiol, 154(12), 1150-1159.
Wojcik, J. L., Devassy, J. G., Wu, Y., Zahradka, P., Taylor, C. G., & Aukema, H. M.
(2016). Protein source in a high-protein diet modulates reductions in insulin resistance
and hepatic steatosis in fa/fa Zucker rats. Obesity (Silver Spring), 24(1), 123-131. doi:
10.1002/oby.21312
Wolfe, K. L., Kang, X., He, X., Dong, M., Zhang, Q., & Liu, R. H. (2008). Cellular
antioxidant activity of common fruits. J Agric Food Chem, 56(18), 8418-8426. doi:
10.1021/jf801381y
Wolinsky, H. (1970). Response of the rat aortic media to hypertension. Morphological
and chemical studies. Circ Res, 26(4), 507-522.
Xie, C., Kang, J., Chen, J. R., Nagarajan, S., Badger, T. M., & Wu, X. (2011). Phenolic
acids are in vivo atheroprotective compounds appearing in the serum of rats after
blueberry consumption. J Agric Food Chem, 59(18), 10381-10387. doi:
10.1021/jf2025264
Yarborough, D. (2015, 2015). Statistics - Wild Blueberry Crop Statistics. Retrieved Jan
17, 2015, from http://umaine.edu/blueberries/factsheets/statistics-2/statistics/
Yerneni, K. K., Bai, W., Khan, B. V., Medford, R. M., & Natarajan, R. (1999).
Hyperglycemia-induced activation of nuclear transcription factor kappaB in vascular
smooth muscle cells. Diabetes, 48(4), 855-864.
Yuji, K., Sakaida, H., Kai, T., Fukuda, N., Yukizaki, C., Sakai, M., Tsubouchi, H., &
Kataoka, H. (2013). Effect of dietary blueberry (Vaccinium ashei Reade) leaves on serum
and hepatic lipid levels in rats. J Oleo Sci, 62(2), 89-96.
Zheng, W., & Wang, S. Y. (2003). Oxygen radical absorbing capacity of phenolics in
blueberries, cranberries, chokeberries, and lingonberries. J Agric Food Chem, 51(2), 502509. doi: 10.1021/jf020728u

101

Zucker, L. M., & Antoniades, H. N. (1972). Insulin and obesity in the Zucker genetically
obese rat "fatty". Endocrinology, 90(5), 1320-1330. doi: 10.1210/endo-90-5-1320
Zucker, T. F., & Zucker, L. M. (1962). Hereditary Obesity in the Rat Associated with
High Serum Fat and Cholesterol. Experimental Biology and Medicine, 110(1), 165-171.

102

BIOGRAPHY OF THE AUTHOR

Thomas Wescott Merrow was born in Portland Maine, July 16th, 1989 and graduated
from Kennebunk High School in 2008. He graduated from the University of Maine,
Orono in May of 2014 with a Bachelor of Science degree in the Food Science and Human
Nutrition program. He enrolled in the Food Science and Human Nutrition Master’s
degree program in September of 2014 at the University of Maine, Orono concentrating in
dietetics. He completed his dietetic internship and will acquire national certification to
practice as a Registered Dietitian in the near future. He is a candidate for the Master of
Science degree in Food Science and Human Nutrition from the University of Maine in
December 2016

103

